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ABSTRACT 


rliis  ii'iHut  ili'scrlhes  an  Investigation  of  blade/dlsk  attachment  methods  for 
small  gas  turhlno  t'liglnes ,  The  Investigation  Included  analytical  and  ex¬ 
perimental  evaluations  of  selected  attachment  methods  potentially  suitable 
lor  a  2-lb/sec  axial  flow  turbine  with  2500“F  turbine  Inlet  temperature. 

A  literature  survey  of  attachments  for  small  axial  flow  turbines  yielded 
six  candidate  methods  for  furtlier  analytical  study.  The  three  most  promis¬ 
ing  appro. idles  were  evaluated  experimentally  to  determine  the  superior 
.itt.icliment  teclinlque.  Tills  attachment  scheme  was  optimized  by  additional 
unlaxi.il  experimental  testing  and  final  proo f-tes ting  by  subjecting  biaxial 
specimens  to  cyclic  loads  at  tlie  attachment  design  temperature. 
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1.0  INTRODUCTION 


Future  U.  S.  Army  aviation  and  vehicle  applications  will  require  small  gas 
turbine  engine.s  witli  high  power-to-weight  ratios,  improved  efficiency  over 
a  wide  power  range,  and  ease  of  field  maintenance.  Simplicity  and  low  cost 
are  additional  requirements,  which  dictate  a  minimum  number  of  engine  parts 
and  make  single-stage,  high-work  turbines  desirable. 

To  achieve  the  high  stage  work  levels  required,  operation  at  tlie  maximum 
levels  of  turbine  inlet  temperature,  aerodynamic  loading,  and  wheel  speed 
allowed  by  performance  and  life  goals  is  necessary.  Studies  of  small  tur¬ 
bines  indicate  that  the  maximum  allowable  wheel  speed  is  governed  by  the 
attachment  stress  limitations.  Optimi’ied  attachment  metliods  that  reduce 
rotor  weight  and  improve  cooling  air  sealing  are  therefore  vital  parts  of 
the  advanced  technology  necessary  for  the  successful  development  of  small, 
high-temperature  engines. 


An  analytical  and  experimental  program  was  conducted  to  evaluate  attachment 
concepts  that  are  potentially  suitable  for  small  gas  turbine  engines  de¬ 
fined  by  the  design  parameters  given  in  Table  I. 


This  program  was  accomplished  in  tlie  following  five  tasks: 

Task  I.  A  literature  survey  of  blade/disk  attachment  methods  and 
selection  of  a  maximum  of  six  candidate  metliods 

Task  II.  Design  analysis  of  the  prospective  methods  to  select  tlie 

three  most  promising  approaches,  and  design  of  test  speci¬ 
mens  for  the  chosen  attachment  configurations 


r.isk  1 1 
Task  IV 

Task  V. 


I.  r<naxial  test  soecinticn  fabrication 

.  I'niaxial  screening  tests  to  determine  tensile,  fatigue  ana 
stress  rupture  strength  cliaracteristics  of  the  three  selected 

IliCtluvls 

Selection  and  redesign  of  the  most  suitable  attachment  metliod, 
o|'t iiiii xatiou  of  the  final  attacliment  design  by  uniaxial  test 
specinion  evaluations,  and  proof  testing  by  subjecting  biaxial 
specimens  to  cyclic  loads  at  the  predicted  attachment  design 
temperature 
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2.0  TASK  I 


FABRICATION  STUDY 


OBJECTIVES 

The  objectives  of  the  fabrication  study  were  (1)  to  survey  published  litera¬ 
ture,  manufacturing  vendors,  and  patent  disclosures  for  potential  blade/disk 
attachment  techniques;  and  (2)  to  select  six  promising  attachment  methods 
for  detailed  analysis. 

2.1  LITERATURE  SURVEY 

A  survey  of  the  published  literature  was  conducted  to  obtain  information  on 
turbine  blade/disk  attachment  methods.  Table  II  lists  the  reference  sources 
used  in  the  survey.  Since  the  available  literature  contained  relatively 
few  references  dealing  specifically  with  turbine  blade  attachments  for 
small  gas  turbines,  a  patent  search  and  a  manufacturing  vendor  survey  were 
also  undertaken  to  uncover  novel  attachment  designs.  Bicasting  was  the 
most  promising  fabrication  technique  uncovered  by  the  vendor  survey;  the 
patent  search  revealed  very  little  technical  information.  The  literature 
reviewed  is  presented  in  Section  9  (Selected  Bibliography) ,  and  a  summary 
of  pertinent  information  is  contained  in  Appendix  I, 


TABLE  II.  REFERENCE 

SOURCES 

ASTIA,  DDC  Index 

1958  to 

Da  te 

Author  References 

- 

DDC  Search 

1950  to 

Date 

Engineering  Index 

1950  to 

Date 

FRDC  Card  Catalog 

- 

NACA,  NASA,  STAR  Index 

1952  to 

Date 

Patent  Search 

to  Nov. 

1967 

Technical  Translations 

1952  to 

Dec.  1967 

UAC  Card  Catalog 

2.2  PRELIMINARY  SCREENING 


The  eleven  attachment  methods  listed  in  Table  III  were  drawn  from  the 
literature  survey.  An  initial  rating  based  on  engineering  judgment  was 
used  to  screen  these  techniques  for  applicability  to  small  high  tempera¬ 
ture  gas  turbines.  Each  of  the  rating  criteria  was  assigned  a  weight  fac¬ 
tor,  as  shown  in  Table  III,  to  reflect  its  importance.  Practicality  of 
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sealing  blade  cooling  air  and  weight  effectiveness  were  given  high  weight 
factors  because  of  their  significant  effects  on  turbine  performance  and 
component  life.  Manufacturing  technology  was  assigned  a  high  weight  factor 
because  advances  in  technology  frequently  exceed  initial  complexity,  cost, 
and  development  time  estimates. 

The  standard  and  inverted  circumferential  fir-tree  designs  were  rated 
approxiniately  equal  in  Table  III  because  they  are  basically  similar.  The 
Inverted  design  would  provide  better  sealing  of  cooling  air  because  of  a 
continuous  rim  (see  Figure  1).  Because  of  additional  clamping  to  restrict 
spreading  of  the  female  fir-tree,  however,  the  inverted  fir-tree  design 
was  given  a  lower  rating  in  weight  effectiveness  and  resistance  to  mechani¬ 
cal  and  tliermal  fatigue.  The  circumferential  fir-tree  with  a  split  disk 
would  ro<|uiro  a  liigh  level  of  manufacturing  technology  to  ensure  proper 
assembly  of  the  disk  halves.  The  weight  effectiveness  rating  for  this  de¬ 
sign  was  low  because  of  the  massive  joint  required  to  reduce  stress  con- 
side  ra  t i ons  . 

riie  braved,  welded,  cast,  and  forged  designs  were  considered  to  be  similar 
in  their  cooling  air  sealing  capabilities,  vibration  damping,  heat  insula¬ 
tion,  and  resistaiice  to  meclianical  and  thermal  fatigue.  The  brazed  and 
weUled  designs  would  |iermit  the  use  of  optimized  materials  for  the  blade 
and  disk.  Ihe  integral  cast  joint  would  require  the  use  of  relatively  low- 
strength  cast  materials  for  tlie  disk,  thus  lowering  its  weiglit  effective¬ 
ness  rating. 

The  dovetail  design  was  eliminated  from  further  study  after  preliminary 
calculations  intlicated  that  its  weight  effectiveness  was  insufficient  to 
meet  the  performance  requirements  of  this  program. 

The  various  innned  attacliment  methods  were  fundamentally  similar  and  scored 
well  in  all  categories,  except  cooling  air  sealing  and  weight  effective¬ 
ness.  fhe  |iin-ln-sectional  shear  design  rated  sllglitly  hlglier  because  of 
its  continuous  rim,  which  simplifies  the  sealing  problem.  The  vibration 
damping  cliaracteristics  of  this  scheme  were  judged  to  be  slightly  better 
than  the  two  otlier  pin  designs  under  consideration,  but  not  sufficient  to 
merit  an  excellent  rating  in  Table  HI.  Because  of  the  similarity  of  the 
pinned  attachments,  only  one  was  selected  to  permit  a  wider  scope  of 
analysis  for  the  overall  program. 

The  blcasting  process  consists  of  two  separate  pours.  In  the  turbine  rotor 
application,  the  blades  are  individually  formed  by  investment  casting  with 
coring  as  required  for  cooling  passages.  The  blades  are  then  positioned  in 
the  final  mold,  and  the  disk  is  cast  onto  the  blades  in  the  second  pour. 
Compared  to  an  integral  rotor  casting,  the  blcast  process  simplifies  the 
coring  required  for  cooling  passages  and  permits  separate  optimization  of 
pouring  parameters  for  the  blades  (thin  sections)  and  the  disk  (thick  sec¬ 
tions)  to  Improve  the  final  microstructure.  Mechanical  locks  can  be  de¬ 
signed  into  the  joint  between  blades  and  disk,  but  maximum  joint  strength 
requires  a  metallurgical  bond.  This  would  normally  require  surface  melting 
of  the  blade  material  (first  casting)  during  the  second  pour,  but  it  possibly 
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could  be  achieved  by  diffusion  heat  treatment  in  some  applications.  A  bi¬ 
cast  rotor  should  be  comparable  to  an  integral  cast  rotor  with  respect  to 
air  sealing,  vibration  damping,  lieat  conduction,  and  fatigue.  However,  the 
blcast  rotor  would  rate  higher  than  the  integral  casting  in  optimization 
of  blade  and  disk  materials  and,  as  a  result,  higher  in  weight  effective¬ 
ness  because  of  the  improvement  in  disk  properties.  Insufficient  joint 
strength  data  and  manufacturing  experience  for  the  bicast  process  prevented 
consideration  of  this  attachment  method  within  the  scope  of  the  contract. 
Because  of  the  potential  advantages  of-  this  approach,  a  preliminary  bicast 
joint  strength  evaluation  was  conducted  under  a  separately  funded  program. 
Results  of  this  program  are  reported  in  Appendix  [I. 


2.3  PRELIMINARY  SKLECTION 

•  The  standard  fir-tree  is  a  promising  approach  if  the  difficulty 
associated  with  sealing  blade  cooling  air  can  be  overcome;  high 
fabrication  costs  are  anticipated  due  to  the  close  tolerances 
required.  The  split  disk  design  in  conjunction  with  a  fir-tree 
root  offers  improved  coolant  sealing;  however,  the  attendant 
stress  concentrations  require  a  massive  attachment  joint.  The 
other  mechanical  attachment  methods  (pinned,  dovetail,  etc.) 
suffer  from  low  weight  effectiveness  and  difficulty  in  sealing 
blade  cooling  air. 

•  The  fabricated  attachments  (welded  and  brazed)  have  good 
strength-to-weight  ratios.  Good  sealing  capability  is  offset 
by  the  high  conductivity  heat  path  to  the  disk.  In  addition, 
nondestructive  inspection  techniques  must  be  developed  to  ensure 
sound  joints. 

•  Integral  blade/disk  attachments  lack  the  advantage  of  optimized 
use  of  blade  and  disk  materials,  tliereby  limiting  tlieir  weight 
effectiveness.  Good  blade  sealing  capability  is  offset  by  high 
lieat  conduction  to  the  disk. 

The  overall  ratings  of  the  preliminary  screening  (indicated  in  Table  III) 
resulted  in  the  selection  of  the  six  attachment  metliods  shown  in  Figure  2 
for  detailed  design  analysis. 
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3.0  TASK  II  -  AEROMECHANICAL  DESIGN 


OBJ EC  fIVKS 


The  objectives  of  this  task  were  (1)  to  define  turbine  geoaecry  and  blade/ 
disk  attachment  loads,  (2)  to  select  the  three  most  promising  attachment 
concepts  from  the  six  methods  selected  under  Task  I,  and  (3)  to  design 
uniaxial  test  specimens  for  experimental  evaluation  of  the  three  selected 
attachments. 

3.1  TURBINE  DESIGN 


A  preliminary  turbine  design  was  conducted  to  define  a  small,  high  tempera* 
cure,  single-stage  turbine  within  the  guidelines  previously  presented  In 
Table  I.  A  turbine  inlet  temperature  of  2500° F,  a  blade  tip  speed  of 
1900  fc/sec,  and  an  air  flowrate  of  2  Ib/sec  were  selected  as  the  most 
difficult  combinations  of  parameters  for  the  attachment  design  since  this 
condition  combined  the  maximum  attachment  temperature  and  stress  with  the 
smallest  size.  To  fix  the  turbine  mainstream  and  cooling  air  inlet  condl* 
tions,  a  compressor  efficiency  of  80%,  combustor  pressure  loss  of  5%,  and 
cooling  air  temperature  increase  (between  compressor  discharge  bleed  to 
turbine  airfoils)  of  50°F  were  assumed  to  be  representative  for  an  advanced 
engine  in  tliis  class.  The  cooling  air  supply  temperature  was  thus  640°F 
for  a  sea  level  static  compressor  inlet  condition. 

The  stringent  goals  of  the  turbine  design  required  materials  with  superior 
high  temperature  strength  characteristics.  Therafore,  advanced  turbine 
alloys  and  coatings  were  selected  for  the  design  study: 

Vane  Airfoils  -  NX188  (PWA  643)  with  AlCrMg  coating  (PWA  64) 

Blade  Airfoils  -  Directionally  solidified  SM  200  (PWA  664)  with 
PWA  64  coating 

Disk  -  Astroloy  (PWA  1013) 

The  one  exception  to  these  materials  was  for  tha  Integral  attachment  design 
where  cast  L'dimet  700  (PWA  656)  properties  were  assumed  for  rotor  blades 
and  disk.  With  the  advanced  materials,  the  vanes  were  limited  by  erosion 
to  a  liot  spot  vane  metal  temperature  of  1880° F,  and  the  blades  were  limited 
by  creep  to  an  average  metal  temperature  of  1635°F.  Peak  gas  temperatures 
oi  2820°F  at  vane  inlet  and  2276°F  (relative)  at  blade  inlet  were  obtained 
using  a  burner  exit  temperature  profile  representative  of  small  combustors. 
Assuming  tliat  the  airfoils  were  convection  cooled,  the  gas  stream,  cooling 
air,  and  critical  metal  temperatures  permitted  calculation  of  cooling 
effectiveness  parameters.  Using  the  empirical  effectiveness-cooling  air¬ 
flow  relations  of  Figure  3,  the  required  cooling  air  was  1.2%  and  1.9%  of 
engine  airflow  for  vanes  and  blades,  respectively.  Consistent  with  pre- 
vlc'us  engine  experience,  it  was  assumed  that  the  disk  and  platforms  could 
be  cooled  by  normal  cooling  air  leakage,  or  0.7%  of  engine  airflow. 

A  pnramc-tric  stuily  was  conducted  to  select  the  turbine  annulus  area  and 
radius  that  would  provide  good  efficiency  with  a  reasonable  blade  pull 
load  on  tlie  disk.  Results  of  15  turbine  mean  line  designs  using  three 
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values  of  annulus  area  and  five  values  of  root  radius  are  shovm  in 
Figure  4.  Rotor  speed  is  Included  for  each  point.  Any  appreciable 
increase  in  efficiency  above  the  83Z  for  the  design  point  radius  of  2.25  in. 
would  require  a  prohibitively  small  root  radius,  further  restricting  the 
attachment  size  and  making  the  design  increasingly  difficult.  Similarly, 
the  design  point  annulus  area  of  6.5  sq  in.  represented  a  good  compromise 
between  efficiency  and  blade  pull. 

A  turbine  airfoil  axial  chord  of  0.5  in.  was  selected  as  the  minimum  size 
that  permitted  formation  of  Internal  cooling  air  passages  with  current 
casting  technology  and  was  the  best  compromise  between  the  manufacturing 
limitations  and  efficiency. 

Figure  5  shows  the  final  turbine  elevation.  The  airfoils  were  designed 
for  free  vortex  flow  resulting  in  the  root  and  tip  velocity  triangles 
shown  In  Figure  6.  Airfoil  spacing  was  chosen  to  provide  moderate  aero¬ 
dynamic  loading  with  maximum  tangential  loading  coefficients  of  0.924  for 
the  vane  and  0.990  for  Che  blade.  Root  and  tip  contours  were  designed  with 
smooth  static  pressure  distributions.  Blade  final  contours  are  shown  In 
Figures  7  and  8. 

The  preliminary  turbine  analysis  resulted  in  a  rotor  with  a  root  radius 
of  2.25  in.,  and  28  blades  having  a  total  blade  pull  of  57,600  lb  at 
81,600  rpm.  Design  features  of  the  final  study  turbine  are  summarized  in 
Table  IV, 

3.2  AmCHMENT  ANALYSIS  ^ND  DESIGN 
3.2.1  Design  Criteria 

Design  analytes  were  conducted  on  the  six  attachment  techniques  in  two 
steps*  First,  a  preliminary  one-dimensional  thcrr..al  and  stress  analysis 
was  conducted  for  each  concept  to  establish  the  attachment's  .relative  size, 
geometry,  and  feasibility.  The  design  criteria  used  In  the  Initial  evalu¬ 
ation  are  listed  below: 

Parameter  Design  Limit 


e  Tensile  Stress  1007.  of  1500  hr^  stress  rupture  or 

757.  of  0.27.  yield  strength 

e  Bearing  Stress  100%  of  0.2%  yield  strength 

(Based  on  mating  surface  area) 

a  Bending  Stress  45%  of  1000  hr  stress  rupture  or 

457.  of  0.27.  yield  strength 

s  Shear  Stress  40%  of  1000  hr  stress  rupture  or 

40%  of  0.2%  yield  strength 
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Parameter 


Design  Limit 


•  Praze  Tensile 

•  Braze  Shear  Stress 
(Based  on  50%  wetted  area) 

•  Weld  Stresses 

(Based  on  90%  weld  efficiency) 


None  allowed 

90%  of  braze  shear  strength 

100%  of  weaker  parent  material 
strength 


*Tlie  1500-lir  rather  than  1000-hr  life  was  used  to  provide  a  safety 
margin  against  a  catastrophic  failure  occurring  at  the  design  goal. 

Second,  detailed  design  analyses  were  conducted  to  refine  and  optimize  each 
attachmiMit  if  tlie  preliminary  design  indicated  that  the  concepts  were  feas¬ 
ible.  iVo-dlmens lonal  thermal  analysis  was  conducted  to  determine  the  at¬ 
tachment  temperature  and  tliermal  gradient,  and  was  used  In  the  input  of  the 
stress  analysis.  These  analyses  Included  an  elastic  stress  analysis  as  the 
attacliment  design  was  being  refined,  followed  by  a  more  detailed  elastic/ 
plastic  stress  analysis  to  Include  the  effect  of  load  redistribution  with 
plastic  deformation.  Vibration  analyses  were  conducted  on  the  optimized 
designs  to  determine  the  susceptibility  of  the  attachment  to  high  cycle 
fatigue.  Three  possible  types  of  vibration  were  studied:  (1)  blade  alone, 
(2)  disk  alone,  and  (3)  blade-disk  coupled.  The  vibration  for  each  attach¬ 
ment  was  assumed  to  be  in  Its  least  stable  direction,  axial  or  tangential. 

In  addition  to  the  criteria  used  In  the  preliminary  analysis,  the  following 
disk  stress  limits  were  applied  In  the  detailed  design  analyses: 


Parameter 

e  Burst  Margin  (B.M.) 
e  Average  Stress 
e  Yield 

•  Vibratory  Stress 
e  uadial  Stress 

e  Kffective  Yield  Stress 
e  Pffectlve  Creep  Stress 


Disk  Design  Limit 

30%  over  design  speed  (B.M,  =•  1,3) 

80%  of  ultimate  strength/ (B.M.)  ^ 

0,1%  residual  disk  rim  growth  at  5%  above 
design  speed 

30%  of  Goodman  diagram  alternating  stress 

110%  of  0.2%  yield  within  web 

80%  of  average  stress  between  bolt  holes 

0,2%  yield  strength 

110%  of  0.1%-10n0  hr  creep  strength  for 
castings 

110%  of  0. 3%-1000  hr  creep  strength  for 
forgings 
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Par ter 


Disk  Design  Llalt 


a  Low  Cycle  Fatigue  1000  cycles 

Each  attaciiment  method  was  refined  to  minimize  the  ratio  of  attachment 
weight  to  airfoil  weight  within  the  limits  set  by  the  design  criteria. 

The  blade  airfoil  and  platform  were  common  for  all  six  attachment  methods. 
Stress  analysis  indicated  that  the  blade  pl.it form  exceeded  the  bending 
stress  limit  of  45%  of  the  1000-hr  stress  rupture  strength.  The  small 
diameter  and  high  blade  speed  of  this  turbine  design  gre.itly  contributed 
to  the  development  of  lilgii  bending  stresses;  the  large  gap  between  blades 
required  a  long  platform  to  provide  circumferential  sealing.  The  over¬ 
stressed  condition  was  resolved  by  providing  stiffeners  (see  Figure  9) 
to  diminish  the  stress  and  deflection  in  the  platform  wiien  subjected  to 
centrifugal  loads. 

3.2.2  Standard  Fir-Tree 


The  small  size  of  the  turbine  dictated  the  use  of  a  fir-tree  root  design 
with  as  little  disk  penetration  as  possible.  Excessive  reduction  of  the 
live  rim  radius  would  create  an  overstress  condition  in  the  disk  and 
prohibit  the  use  of  a  multitooth  root  configuration.  A  three-tooth  design 
was  required  to  provide  sufficient  shear  area  to  support  the  centrifugal 
load. 

The  initial  fir-tree  configuration  consisted  of  three  pairs  of  beveled 
teeth  with  a  wedge  angle  of  40  deg.  This  design  had  a  5%  excessive  pull 
stress  at  the  first  neck  of  the  disk  root  and  high  shear  stresses  (0.5% 
over  allowable)  within  the  teeth.  Preliminary  analysis  indicated  that 
this  design  would  have  an  attachment-to-airfoll  weight  ratio  of  6.8.  which 
exceeded  the  preliminary  design  target  of  5,  based  on  previous  experience. 
This  result  was  Indicative  of  the  relative  inefficiency  of  mechanical 
attachments  in  small  turbines.  As  turbine  size  is  reduced »  the  manufactur¬ 
ing  tolerances  and  tooth  radii  cannot  be  proportionally  scaled,  resulting 
in  a  relative  reduction  in  the  tooth  loading  surface  and  shear  areas. 
Increasing  the  disk  and  fir-tree  axial  width  to  regain  the  required  areas 
increases  the  attachment  weight. 

The  fir-tree  geometry  was  modified  to  reduce  weight  and  to  distribute 
more  uniformly  the  stress  at  each  neck  in  the  attachment,  resulting  in  a 
reduction  of  the  wedge  angle  to  24  deg.  This  configuration  was  subjected 
to  detailed  thermal  analysis,  and  the  resulting  temperature  distribution 
(sec  Figures  10  and  11)  was  used  in  the  stress  analyses.  The  elastic/ 
plastic  stress  analysis  (load  redistribution  among  the  teeth  because  of 
thermal  gradients  and  plastic  deformation)  indicated  that  the  blade  neck 
and  disk  neck  stresses  exceeded  the  1500-hr  stress  rupture  strength.  Tlte 
blade  neck  was  overstressed  because  of  the  difference  in  spring  rates  of 
the  blade  root  and  the  more  massive  adjacent  disk  material,  which  resulted 
in  overloading  the  first  tooth  pair.  The  disk  neck  was  overstressed 
because  of  the  large  mass  of  disk  material  extending  beyond  the  live  rim. 
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TABLE  IV.  SELECTED  TURBINE  DESIGN  PARAMETERS 


Engine  Airflow  Rate 
Compressor  Pressure  Ratio 
Compressor  Adiabatic  Efficiency 
Burner  Pressure  Loss 

Design  Life,  At  Maximum  Gas  Temperature 

Number  of  Turbine  Stages 

Number  of  Turbine  Blades 

Turbine  Inlet  Temperature  (average) 

Turbine  Inlet  Pressure 

Turbine  Pressure  Ratio  (P<i;/Pt) 

Turbine  Adiabatic  Efficiency  (T-T) 

Turbine  Blade  Tip  Speed 

Turbine  Speed 

Turbine  Blade  Tip  Radius 

Turbine  Blade  Root  Radius 

Turbine  Blade  Axial  Chord 

Total  Airfoil  Pull 

Turbine  Stage  Work 

Mean  Velocity  Ratio 

Blade  Cooling  Air  Flow  Required 

Turbine  Cooling  Air  Temperature 

Allowable  Blade  Metal  Temperature 

Design  Blade  Tip  Clearance 


2  Ib/sec 
10:1 
807o 
5% 

1000  hr 
1 

28 

2500“F 
140  psi 
2.4 
837o 

1900  ft/sec 

81.600  rpm 
2.67  in. 
2.25  in. 

0,5  in. 

57.600  lb 
136  Btu/lb 
0.671 
1.97o 
640“F 
1635°F 
0.009  in. 
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This  problem  was  relieved  by  adding  radial  slots  In  the  disk  OD  between 
blades  (Figure  12). 

The  final  stress  distributions  for  the  fir-tree  attachment  are  presented 
In  Table  V.  Bending  was  not  found  to  be  a  problem  In  any  portion  of  the 
standard  fir-tree  attachment.  The  bearing  and  shear  stresses  were  highest 
within  the  first  tooth  of  the  blade  root.  The  maximum  tensile  stress 
occurred  In  the  second  neck  of  the  disk,  Indicating  the  effect  of  the  loss 
In  area  due  to  the  radial  disk  slots.  The  final  fir-tree  design  had  an 
attachment-to-alrfoll  weight  ratio  of  6.4.  Assuming  redistribution  of 
load  (Figure  13)  because  of  thermal  gradients,  the  first  tooth  would  be 
subjected  to  a  55%  load  Increase.  Approximately  0.001-ln.  assembly 
clearance  would  be  required  for  the  first  tooth  to  reduce  the  bearing  and 
shear  stresses  to  the  allowable  level  for  a  1000-hr  life.  However,  further 
refinement  of  the  attachment  was  not  Justified  at  this  point. 

Vibration  analyses  of  the  fir-tree  design  were  made  to  determine  If  the 
joint  was  susceptible  to  hlgh-cycle  fatigue.  The  joint  was  assumed  to 
vibrate  In  the  axial  direction  only  since  aerodynamic  loads  and  root 
geometry  provided  tangential  stability.  Three  possible  types  of  vibration 
were  studied:  (1)  blade  alone,  (2)  disk  alone,  and  (3)  blade-disk  coupled. 
The  disk  associated  with  the  fir-tree  design  was  so  stiff  that  It  did  not 
exhibit  any  resonant  frequencies  within  the  speed  range  of  the  engine. 
Blade-alone  and  blade-disk  calculations  for  the  first  mode  diverged  at 
high  speed  because  of  flexibility  In  the  attachment  but  were  essentially 
equal  at  the  design  operating  speed  (Figure  14) .  There  were  no  lower  order 
resonances  within  the  operating  speed.  Modes  such  as  18E  and  36E,  which 
might  be  excited  by  the  18  stator  vanes,  would  be  passed  through  at 
approximately  80%  and  40%  of  design  speed,  respectively,  and  were  not  con¬ 
sidered  a  problem  at  the  operating  point. 

3.2.3  Inverted  Fir-Tree 

Preliminary  stress  analysis  on  the  inverted  circumferential  ‘fir-tree 
(previously  shown  In  Figure  1)  Indicated  that  the  design  was  Inadequate 
because  of  the  loss  In  shear  area  resulting  from  the  elimination  of  teeth 
required  to  assemble  the  blades  on  the  disk.  The  total  pull  on  the 
attachment  was  calculated  to  be  11,027  lb,  which  was  distributed  over  the 
three  teeth.  The  shear  stress  developed  In  the  teeth  was  65,700  psi, 
nearly  twice  the  allowable  level.  Additional  tooth  area  would  not  elimi¬ 
nate  the  problem  because  of  the  Increase  in  the  total  applied  load.  Part 
of  each  blade  was  acting  as  dead  weight  on  the  remaining  root  section, 
making  the  design  excessively  large  and  overweight. 

The  attachment  technique  was  modified  to  a  split  disk  concept  that  per¬ 
mitted  the  forward  and  aft  sections  of  the  disk  to  be  assembled  over  the 
blade  circumferential  fir-tree,  thus  eliminating  the  requirement  for  a 
toothless  area  on  the  disk.  However,  this  modification  did  not  alleviate 
the  problem  because  the  standard  beveled  fir-tiee  teeth  induced  a  high 
separating  force  on  the  disk  halves  and  the  design  was  still  overweight 
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TABLE  V.  FIR-TREE  ATTACHMENT  STRESS  DISTRIBUTION 
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(3)  lOOTi  of  0.27.  yield  strength 

(4)  407.  of  0.27.  yield  strength  or  407.  of  1000  hr  stress 

(5)  757.  of  0,27.  yield  strength  or  1007.  of  1500  hr  stres: 


because  of  the  large  bolts  required  to  secure  the  disk  halves  together. 

The  total  pull  on  the  attachment  was  22,526  lb,  yielding  an  attachment- 
to-airfoil  weight  ratio  of  10.  A  modification  of  the  fir-tree  teeth 
(Figure  15)  caused  a  reduction  in  the  force  exerted  from  the  teeth  that 
tended  to  spread  the  disk  apart.  However,  this  modification  did  not  sig¬ 
nificantly  reduce  the  weight  of  the  design;  bending  moments  generated  near 
the  rim  of  the  disk,  as  a  result  of  the  mass  required  to  secure  the  blade 
and  stress  concentrations  around  the  bolt  holes,  necessitated  a  massive 
disk.  No  additional  analyses  were  devoted  to  either  the  inverted  circum¬ 
ferential  fir-tree  or  the  split  disk  designs  because  of  their  inherent 
weight  problems. 

3.2.4  Welded 

The  preliminary  analysis  of  the  welded  attachment  indicated  that  this 
concept  had  the  potential  of  being  the  lightest  design  with  an  attachment 
to  airfoil  weight  ratio  of  2.7.  The  analysis  assumed  a  100%  metallurgical 
bond  capable  of  developing  90%  of  the  weaker  parent  material  strength. 

Detailed  thermal  analysis  defined  the  welded  attachment  temperature 
distribution,  as  shown  in  Figures  10(b)  and  16.  Finite  element  stress 
analyses  verified  that  with  the  assumed  weld  strengths,  the  efficiency  of 
the  attachment  was  very  good  and  the  disk  thickness  could  be  reduced  to 
0.3  in.  with  this  attachment.  The  resulting  stress  distribution  for  the 
welded  attachment  is  shown  in  Figure  17. 

The  stress  distribution  Indicated  that  the  disk  contained  a  maximum 
effective  stress  of  84.6  ksi,  which  was  well  below  the  allowable  limit  of 
126  ksi.  The  allowable  stress  in  the  attachment  extension  exceeded  the 
maximum  effective  stress  by  10%.  The  disk  burst  margin  was  calculated  to 
be  47%  at  the  average  disk  temperature  of  750°F. 

The  vibration  analysis  of  this  design  indicated  that  the  thin  disk  used 
with  this  attachment  was  more  flexible  and  did  exhibit  some  combined 
bending  effect,  as  indicated  by  the  frequency  shift  around  110,000  rpm 
(see  Figure  18) ,  but  this  is  well  above  the  design  operating  speed.  The 
blade-alone  resonant  frequency  was  the  same  for  all  attachments  and  was 
illustrated  in  Figure  14.  This  design  was  analyzed,  assuming  the  blade 
platforms  acted  as  shrouds  providing  damping.  If  no  damping  were  provided, 
the  design  would  have  4E  excitation  at  the  engine  operating  speed.  Because 
of  limitations  in  the  computer  program  used  in  the  analysis,  the  entire 
blade  root  extension  was  input  as  a  single  material  rather  than  simulating 
the  change  in  materials  at  the  weldment.  The  effect  of  this  variation  was 
considered  to  be  small. 

3.2.5  Brazed 

The  preliminary  design  of  the  brazed  attachment  resulted  in  a  configuration 
that  contained  four  pairs  of  fingers  to  attain  sufficient  braze  area  and 
minimize  the  attachment  ID-to-OD  dimension.  The  total  pull  of  this  design 
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was  8790  lb  at  the  attachment  ID.  Based  on  507.  coverage  with  AMS  2675 
braze  material,  the  braze  shear  stress  was  3.5%  under  the  allowable  stress 
of  10,000  psi. 

The  detailed  thermal  analysis  of  the  brazed  attachment  resulted  in  the 
temperature  distribution  indicated  in  Figures  10 fc)  and  19.  The  stress 
finger  segments  of  the  attachment  than  in  the  disk  to  accurately  determine 
the  stress  levels  in  the  critical  areas  (see  Figure  20).  The  shear  stress 
at  the  bond  between  the  brazed  fingers  of  the  blade  could  not  be  calculated 
in  the  elastic/plastic  computer  program.  Normal  computation  procedures 
indicated  that  sufficient  braze  strength  could  be  obtained  with  only  50% 
coverage  of  the  mating  surfaces.  Any  coverage  in  excess  of  that  would 
provide  a  factor  of  safety  for  the  design.  However,  each  pair  of  mating 
fingers  must  be  sufficiently  brazed  to  transmit  its  share  of  the  radial 
tensile  load  to  the  disk.  The  design  proved  to  be  very  efficient  with  a 
3.3  attachment/airfoil  weight  ratio  and  required  only  a  0.4-in.-wide  disk 
for  support. 

This  configuration  yielded  a  maximum  effective  disk  stress  27%  below  the 
allowable  limit  of  126  ksl,  whereas  the  maximum  stress  in  the  extension 
was  10%  below  the  allowable.  The  calculated  burst  margin  was  34%  for  the 
brazed  disk,  exceeding  the  minimum  requirement  of  30%.  In  addition,  the 
circumferential  finger  arrangement  provided  passages  that  could  be  used 
to  supply  coolant  to  the  blades.  For  this  reason,  it  was  not  expected  that 
this  design  would  require  additional  hardware  to  maintain  the  attachment 
and  disk  temperature  levels. 

Because  of  the  geometry  of  the  design,  the  brazed  attachment  was  considered 
to  be  susceptible  to  vibration  in  the  axial  direction  inly.  The  vibration 
analysis  of  the  brazed  design  Indicated  no  critical  resonant  frequencies 
at  the  operating  speed  of  the  engine  (see  Figure  21).  The  disk's  stiffness 
was  sufficient  to  prevent  any  critical  frequencies  within  the  entire 
running  range  of  the  engine.  The  blade-alone  mode  and  blade-disk  coupled 
mode  were  essentially  colinear  for  the  engine  running  range,  indicating 
no  participation  by  the  disk. 

3.2.6  Pinned 


Preliminary  analysis  of  the  pinned  root  attachment  indicated  that  the 
technique  was  unacceptable  for  the  selected  turbine  guidelines.  The  design 
analysis  indicated  that  it  was  impossible  to  obtain  sufficient  pin  area  to 
support  the  applied  centrifugal  loads  and  to  satisfy  the  design  criteria. 
The  configuration  that  most  nearly  satisfied  the  stress  criteria  was 
prohibitively  large  and  bulky  (Figure  22).  The  pin  diameter  was  0.270  in. 
with  an  average  shear  stress  of  33,200  psi  and  a  maximum  allowable  shear 
stress  of  33,600  psi.  The  tearout  stress  in  the  disk  was  calculated  to 
be  37,500  psi,  which  exceeded  the  allowable  limit  of  24,000  psi.  This 
attachment  scheme  had  reached  the  point  of  diminishing  returns.  Any 
further  Increase  in  pin  size  increased  attachment  weight,  resulting  in 
higher  stresses.  The  pinned  root  attachment  was  therefore  dropped  from 
turther  consideration. 
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3.2.7  Integral  Cast 


Preliminary  design  analysis  for  the  Integral  cast  attachment  Indicated 
that  with  the  high  load-carrying  efficiency  In  the  attachment  zone,  this 
technique  had  the  potential  of  being  relatively  lightweight.  The  total 
pull  at  the  attachment  ID  was  8225  lb,  which  resulted  In  an  attachment  to 
airfoil  weight  ratio  of  3.2. 

For  this  attachment  technique,  however,  the  attachment-to-alrfoll  weight 
ratio  was  a  deceptive  criterion  for  judging  the  overall  efficiency  of  the 
attachment  for  two  primary  reasons.  First,  the  homogeneous  nature  of  the 
attachment  zone  provided  a  continuous  path  with  high  thermal  conductivity 
that  heated  the  disk  live  rim  to  a  higher  temperature  than  the  other 
attachment  methods  and  adversely  affected  material  strength.  Second,  the 
Integral  casting  technique  required  by  definition  that  the  blade  and  disk 
be  of  one  cast  material;  this  required  a  further  degradation  In  mechanical 
properties  In  the  disk  relative  to  a  forged  disk  of  a  dissimilar  material. 

The  two-dimensional  thermal  analysis  of  the  Integral  cast  attachment  re¬ 
sulted  In  the  temperature  distribution  Indicated  In  Figures  10(d)  and  23. 
Stress  analyses  Indicated  a  relatively  uncomplicated  stress  pattern 
similar  to  that  previously  presented  for  the  welded  attachment.  Because 
of  the  Inferior  mechanical  properties,  this  design  required  a  disk  width 
of  0.5  In.  at  the  ID  of  the  attachment  and  1.8  In.  at  the  disk  bore.  This 
was  nearly  twice  as  great  as  that  of  the  welded  attachment  disk,  yielding 
a  bulky  rotor  system. 

3.3  ATTACHMENT  INTERMEDIATE  SELECTION 


The  objective  was  to  select  the  three  most  promising  attachment  methods  for 
experimental  evaluation  by  tensile,  stress  rupture,  and  vibrational  tests, 

3.3.1  Rating  Factors 


The  six  attachment  methods  Initially  selected  for  analytical  evaluation 
were  rated  considering  th«  results  of  the  design  analysis  In  judging  each 
attachment,  using  the  criteria  presented  below.  In  addition,  each  criterion 
was  assigned  a  weight  factor  that  Indicated  Its  relative  Influence  In 
satisfying  the  objectives  of  the  program  guidelines. 

•  Joint  efficiency  (weight  effectiveness).  This  factor  was 
judged  to  be  one  of  the  most  Important  criteria.  In  meeting 
the  extremely  high  tip  speed  specified,  the  capacity  of  the 
attachment  to  provide  a  light  assembly  was  considered  to  be 
a  definite  benefit. 
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•  Cooling  requirements.  All  designs  could  be  sealed  with  can-type 
coverplates.  Lower  stressed  disks  were  rated  higher  because  they 
provided  some  margin  for  coverplate  bolting  without  increasing 
disk  weight.  Consideration  was  also  given  to  manufacturing 
restrictions  on  airfoil  cooling  geometry,  which  would  result  in 
higher  coolant  flow  requirements. 

a  Potential  durability.  This  criterion  was  Judged  on  the  basis  of 
the  effect  of  joint  fabrication  on  material  properties  that 
influence  high  and  low  cycle  fatigue  characteristics. 

•  Effect  on  rotor  system  (disk  and  attachment  centrifugal  weight, 
bearing  location,  coupling  mathod,  and  shaft  design).  Axially 
long  disks  increased  the  overhang  distance,  and  heavier  rotor 
system  weight  decreased  the  rotor  critical  speed.  This  was  judged 
to  be  directly  related  to  the  attachment -plus ^d is k  to  airfoil 
centrifugal  weight  ratio  (the disk  was  defined  as  the  increase 

in  disk  weight  relative  to  the  minimum  disk  weight  required  for 
the  lightest  attachment). 

a  Consideration  of  nondestructive  testing  methods  of  inspection. 

The  accessibility  of  loaded  surfaces  for  inspection  and  the  ease 
of  interpreting  data  (i.e..  X-ray)  were  the  prime  factors  con¬ 
sidered. 

3,3.2  Rating  Explanation 

The  results  of  the  rating  are  given  in  Table  VI.  The  Joint  efficiency 
was  Judged  as  a  function  of  the  attachmsnt-to-airfoil  centrifugal  weight 
ratio  (see  Table  VII).  Cooling  requirement  was  rated  considering  the 
ability  of  the  disk  to  accommodate  the  additional  weight  of  the  seal 
coverplate  bolting  and  the  quantity  of  cooling  airflow  required.  The 
disks  for  the  bra;;cd  and  welded  attachments  were  not  stressed  to  the  design 
limit,  and  additional  weight  could  be  added  to  attach  the  coverplates 
without  Increasing  disk  weight.  In  addition,  since  the  mating  fingers 
in  tliu  disk  of  the  bra/.ed  design  would  be  machined  circumferentially,  the 
disk  remained  continuous,  potentially  providing  good  sealing  that  may  not 
require  additional  coverplates.  The  integral  casting  method  liaiited  the 
airfoil  cooling  passage  geometry  to  simple  configurations  that  required 
significantly  higher  coolant  flow  rates  than  more  efficient  designs.  The 
potential  durability  rating  reflected  that  the  fir-tree  attachment  method 
did  not  adversely  affect  material  properties  and  had  favorable  vibration 
and  low  cycle  fatigue  characteristics.  Conversely,  the  welded  attachment 
was  expected  to  experience  the  greatest  degradation  of  properties  in  the 
heat  affected  zone  and  was  rated  low.  The  low  rating  of  the  integral 
oast  attachment  resulted  from  the  Inherent  compromise  in  airfoil  and  disk 
properties  tor  this  method.  Effect  on  rotor  system  was  judged  to  be  a  di¬ 
rect  function  of  the  combined  attachment-disk  parameter  given  in  Table  VII. 
The  consideration  of  nondestructive  testing  rating  reflected  that  the  flr- 
troc  could  be  completely  Inspected,  whereas  X-ray  (or  ultrasonic)  Inspec- 
tin  was  required  for  the  welded,  integral,  and  brazed  designs  and  did  not 
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yield  conclusive  results.  Ihe  laultlple  fingers  of  the  brazed  Joint  were 
judged  to  be  the  most  difficult  to  Inspect. 


The  overall  rating  Indicated  that  the  ifelded.  brazed,  and  standard  flr*tree 
were  the  most  promising  attachment  methods  for  this  program  application. 
These  configurations  were  selected  for  experimental  evaluation. 

3.4  TEST  SPECIMEN  DESIGN 

The  objective  of  this  effort  was  to  desi^  uniaxial  test  specimens  to 
permit  experimental  screening  tests  of  the  three  attaclinant  methods.  These 
specimens  were  designed  for  tensile  tests  to  verify  attachment  burst 
margin,  vibration  tests  to  determine  fatigue  resistance,  and  stresa  rupture 
tests  to  demonstrate  high  temperature  strength  characteristics. 

Where  possible,  the  specimens  were  deslgtied  to  prototype  geometry.  However, 
the  speciMn  depth  was  diminished  in  some  cases  to  facilitate  testing.  The 
tensile  and  stress  rupture  specimens  for  each  Individual  attachment  scheme 
were  Identical  and  were  designed  to  have  stress  levels  proportional  to  that 
experienced  by  the  attachment  under  actual  engine  conditions.  The  testing 
of  the  prototype  geometry  permitted  more  accurate  evaluation  of  the 
significance  of  notches  end  fillet  radii  on  the  individual  attachment 
design  stresa  concentration  factors. 

The  high  cycle  fatigue  specimens  were  designed  to  generate  representative 
stress  levels  within  the  attachment  region  when  sid>jected  to  a  constant 
radial  load  and  on  oscillating  trensveroe  load. 

3.4.1  Photoelastic  Analysis 

photoelsstic  analysis  was  used  in  the  test  specimen  design  in  addition  to 
the  numerical  techniques  previously  discussed  in  the  attachment  analysis 
(Section  2.2).  Photoelastlc  analysis  provided  e  rapid  method  of  modeling 
the  attachment  to  evaluate  both  stress  levels  and  stress  concentrations 
with  each  attachment.  Each  model  was  designed  to  study  the  stress  distri¬ 
bution  in  the  region  between  the  disk  live  rim  and  the  blade  platform. 
Photoelastic  specimens  for  each  of  the  three  selected  attachment  designe 
were  fabricated  from  SPM-1  photoelsstic  grade  plastic  snd  examined  with  a 
tronsmisaion  type  poleriscope.  The  models  were  fabricated  10  x  scale  to 
permit  accurate  evaluation  of  the  stress  patterns.  The  photoelsstic  models 
were  replaced  or  modified  os  required  during  the  analysis  to  optimise  each 
design. 


3.4.2  Standard  Fir-Tree 


The  fir-tree  attachment  models  were  designed  to  illustrate  the  stress 
pattern  in  the  plane  of  the  disk.  Photoelsstic  analysis  of  the  fir-tree 
with  a  root  wedge  angle  of  40  degrees  verified  that  the  deslpi  was  over¬ 
stressed  at  the  first  neck  whidi  could  be  alleviated  by  Increasing  the 
neck  srea  (see  Figure  24);  however,  this  did  not  resolve  an  overstressed 
condition  resulting  from  an  insufficient  tooth  shear  area. 
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The  second  model  with  the  24-deg  root  wedge  angle  contained  a  modified 
tooth  design  that  created  an  additional  shear  area  and  an  enlarged  cross 
section  in  the  first  neck  to  support  the  applied  load.  Photoelastic  analy¬ 
sis  indicated  that  the  resulting  stress  distributions  were  acceptable  and  • 
that  no  further  modifications  were  warranted.  The  design  of  the  fir-tree 
uniaxial  test  specimen  is  indicated  in  Figure  25. 

3.4.1  Welded 

ihe  welded  attachment  models  were  designed  to  evaluate  the  stress  pattern 
in  tlie  plane  of  the  disk.  Radial  and  tangential  loads  were  independently 
applied  to  the  plastic  welded  attachment  model  with  the  resultant  stress 
distribution  determined  by  superposition.  As  a  result  of  these  tests,  the 
weld  joint  between  the  blade  and  disk  was  relocated  0.145  inch  radially 
outward  from  the  disk  OD  to  an  area  of  lower  stress  (see  Figure  26). 
Attachment  fillet  radii  were  also  optimized  as  a  result  of  this  testing. 

The  welded  attachment  tensile  and  stress  rupture  specimens  were  designed 
with  three  test  sections  representing  the  OD,  ID,  and  weld  joint,  as 
shown  in  Figure  27.  In  this  manner  the  radial  load  gradient  through  the 
region  of  the  joint  caused  by  the  variation  in  radius  was  simulated  by 
proper  consideration  of  the  test  section  cross-sectional  areas.  The  vi¬ 
bratory  specimens  were  designed  to  the  prototype  configuration.  The 
welded  design  was  originally  conceived  to  vibrate  in  the  plane  of  the  disk. 
Further  analysis  indicated  that  installing  the  blades  onto  the  disk  in 
packets  (a  series  of  four  blades  fabricated  as  a  single  unit)  offered 
coolant  sealing  and  fatigue  advantages.  Fabrication  in  this  manner  would 
tiave  virtually  eliminated  in-plane  vibration,  thereby  leaving  only  the  axial 
direction  for  concern.  For  this  reason,  the  fatigue  test  of  the  welded 
design  was  conducted  with  the  transverse  load  acting  in  the  axial  direction. 

3.4.4  Brazed 

The  brazed  attachment  design  was  rather  unique  in  that  it  presented 
essentially  a  uniform  attachment  joint  around  the  disk  circumference  that 
minimized  the  stress  variation  in  the  plane  of  the  disk.  Thus,  the 
photoelastic  model  of  the  brazed  attachment  was  designed  to  evaluate  a 
section  perpendicular  to  the  plane  of  the  disk.  The  model  was  designed 
so  that  either  radial  or  axial  loads  could  be  applied.  The  radial  load 
simulated  the  centrifugal  load  of  the  airfoil  and  platform  on  the  attach¬ 
ment,  wiiile  the  axial  load  represented  the  differential  thermal  expansion 
between  the  live  rim  radius  and  the  blade  platform.  Analysis  with  the 
initial  brazed  attachment  model  indicated  excessive  bending  stresses  at 
the  base  of  the  attachment  fingers  with  the  combined  thermal  expansion 
and  radial  strain.  Tlie  brazed  attachment  photoelastic  test  specimen  was 
redesigned  to  reduce  bending  stresses  across  the  joint  by  relocating  the 
fillet  radii  and  to  reduce  stress  concentrations  at  the  extremities  of  the 
fingers.  Comparison  of  the  photoelastic  patterns  and  model  stress  magni¬ 
tudes  on  the  original  design  resulting  from  the  simulated  centrifugal 
load  (Figure  28a)  with  those  resulting  from  the  combined  circumferential 
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thermal  growth  and  centrifugal  load  (Figure  28h)  indicated  that  the 
combined  load  produced  bending  stresses  (4Ff)  'n  the  braze  fingers  which 
reduce  the  stress  concentrations  Comparison  of  the  original 

design  (Figure  28b)  with  the  redesigned  model  (Figure  29)  indicated  the 
reduction  of  both  the  bending  stress  (<Ff)  and  stress  concentration 
by  the  attachment  rede8ii,n. 

The  test  specimens  were  designed  with  orutotype  geometry  in  the  attach¬ 
ment  (see  Figure  30).  The  tensile  and  <tross  rupture  specimens  were 
identical,  and  the  vibratory  specimens  were  designed  for  bending  in  the 
axial  direction.  The  box  structure  fabricated  by  the  assembled  brazed 
attachment  presented  superb  resistance  to  fatigue,  and  no  problem  areas 
were  anticipated  with  this  design.  The  specimen  was  designee*  to  test  bend¬ 
ing  fatigue  in  the  axial  direction  because  the  calculations  indicated  that 
mode  required  less  energy  for  excitation. 
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4.0  TASK  III  -  FABRICATION  OF  TEST  SPECIMENS 


OBJECTIVE 


The  objective  of  this  task  was  to  fabricate  the  uniaxial  specimens  de¬ 
signed  under  Task  II  for  testing  under  Task  IV,  using  representative 
blade  and  disk  materials.  Table  VIII  summarizes  the  number  of  uniaxial 
specimens  manufactured. 


TABLE  VIII. 

UNIAXIAL 

TEST  SPECIMEN  QUANTITIES 

Specimen  Type 

Brazed 

EB-Welded 

Fir-Tree 

Tensile 

2 

2 

2 

Fatigue 

5 

5 

5 

Stress  Rupture 

5 

5 

6 

4.1  M/\TERL\LS 


The  Task  II  turbine  design  recommended  directionally  solidified  SM  200 
(Pl\'A  664)  and  Astroloy  (PWA  1013C)  for  test  specimen  materials  because 
of  their  higli  strengths  at  elevated  temperatures.  However,  because  of 
high  cost  and  excessive  lead  time  of  these  advanced  materials,  IN  100 
(PWA  658)  was  substituted  as  the  blade  alloy,  and  WASPALOY'pj^  (PWA  1004) 
was  substituted  as  the  disk  alloy.  The  substitute  alloys  are  repre¬ 
sentative  of  materials  currently  being  used  in  high-temperature  engines 
such  as  the  J58  and  ST9.  As  discussed  later  under  Task  IV  test  results, 
the  attachment  strength  data  with  the  substitute  alloys  were  used  as  a 
basis  for  calculating  the  longer  life  potential  of  attachments  made  from 
the  advanced  materials  (directionally  solidified  SM  200  and  Astroloy). 

All  castings  were  poured  from  the  same  master  heat  to  assure  uniformity 
and  repeatable  test  results,  and  metallurgical  inspections  were  performed 
to  ensure  that  raw  material  conformed  to  PliJA  specifications. 

4.2  PH0T0EU\STIC  SPECIMENS 

I’hotoelastic  models  (lOX)  of  each  of  the  three  attachment  designs  selec¬ 
ted  in  Task  II  were  machined  from  SPM-1  photoelastic  grade  plastic.  A 
liigh-speed  router  was  used  to  trim  the  plastic  to  its  final  dimensions 
to  avoid  machining  stresses.  Where  photoelastic  analysis  indicated  that 
modification  was  required,  plastic  was  removed  by  routing  or  was  added  by 
using  transparent  glue.  The  glue  was  allowed  to  cure  for  24  hours  before 
testing  of  the  model  was  resumed. 
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4.3  FIR-TREE  METALLIC  SPECIMENS 


The  fabrication  of  the  fir-tree  metallic  test  specimens  was  initiated  by 
machining  a  template  that  conformed  to  the  final  design  contour  of  the 
male  portion  of  the  rcot.  The  template  was  then  used  as  a  guide  in  the 
contour  grinding  of  the  male  sections  and  in  the  fabrication  of  the  elec 
trical  discharge  machining  (EDM)  electrodes  used  to  form  the  female  sec¬ 
tions.  The  EDM  electrodes  were  undersized  to  allow  for  the  arc  gap  re¬ 
quired,  and  to  leave  stock  for  later  removal  of  the  recast  layer  associ¬ 
ated  with  this  process.  The  dielectric  oil  circulated  between  electrode 
and  work  piece  for  cooling  and  flushing  is  partially  decomposed  because 
of  the  high  local  temperature.  The  resulting  hydrocarbons  recombine 
with  elements  formed  by  the  removal  of  parent  material  to  produce  a  thin 
recast  layer  of  carbides  over  the  work  piece  surface.  This  recast 
layer  was  removed  by  etching  with  inhibited  hydrochloric  acid.  The  male 
section  of  the  fir-tree  was  ground  to  the  maximum  print  specifications. 
Once  a  close  fit  for  each  set  of  specimens  was  obtained,  the  parts  were 
serialized  as  matched  pairs  for  the  remainder  of  the  machining  operation 
The  female  sections  were  hand-lapped  with  an  elongated  tool  (contour 
ground  to  the  geometry  of  the  male  fir-tree)  until  the  respective  male 
sections  slid  easily  in  the  female  slots.  The  extra-length  tool  was 
required  to  prevent  rounding  over  the  edges  of  the  female  slots  during 
lapping  (see  Figure  31).  The  lapping  compound  was  a  silicon-base 
abrasive  (No.  150  grit).  Final  machining  of  each  fir-tree  specimen  was 
accomplished  on  a  gear  lapping  machine.  During  this  operation,  a  ten¬ 
sile  load  of  5  lb  was  maintained  along  the  longitudinal  (radial)  axis 
of  the  specimens.  Each  specimen  pair  was  lapped  until  no  light  could 
be  passed  between  any  mating  surfaces  when  vertically  suspended  from 
either  end.  Upon  achieving  this  condition,  the  specimen  was  removed 
from  the  machine  and  approved  for  testing. 

The  extreme  care  taken  In  the  production  of  the  specimens  was  necessary 
to  ensure  that  each  set  of  mating  teeth  was  In  uniform  contact.  Both 
the  literature  survey  and  the  design  analysis  Indicated  that  for  small 
turbine  attachments,  close  tolerances  were  required  to  avoid  undesirable 
redistribution  of  the  load.  Overloading  of  one  set  of  teeth  would 
cause  premature  failure  of  the  attachment  when  subjected  to  a  radial 
tensile  load. 

Five  clamps  were  fabricated  for  testing  the  fir-tree  specimens.  The 
clamp  (Figures  32  and  33)  was  positioned  around  the  Joint  to  provide 
the  circumferential  support  normally  present  In  a  complete  disk  assembly 
and  to  prevent  the  female  part  from  spreading  under  radial  load. 

4.4  WELDED  METALLIC  SPECIMENS 

4.4.1  Machining  and  Joining 

The  welded  attachment  specimens  were  prepared  for  fabrication  by  rough 
machining  rectangular  barstock  Into  4.0  by  1.5  by  0.5-ln.  pieces. 

Blade  and  disk  materials  were  butt-welded  by  an  electron  beam  directed 
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through  the  smallest  dimension  with  sufficient  power  to  provide  full  pene¬ 
tration  (Figure  34).  Preliminary  welding  with  the  beam  located  over  the 
center  of  the  joint  resulted  in  cracking  on  the  surface  of  the  joint  in  the 
heat-affected  zone.  Translation  of  the  beam  0.010  in.  off-center  Into 
the  Waspaloy  eliminated  the  surface  cracks.  The  beam  power  settings 
used  are  given  in  Table  IX. 


TABLE  IX.  ELECTRON  BEAM-l>fELD  MACHINE  SETTINGS 


Weld 

Joints 

Material 

Thick¬ 

ness 

(in.) 

Beam 

Location 

Power 
(kv)  (ma) 

Travel 
Speed 
(in. /min) 

Work 

Piece 

Height 

(in.) 

Specimens 

Waspaloy 

INlOO 

0.5 

0.01  in.  off 
center  line 
within 
Waspaloy 

150 

45 

42 

10.0 

Samples 

Waspaloy 

INlOO 

0.4 

Over 

center  line 

130 

10 

10 

5.5 

4.4.2  Heat  Treatment 


The  welded  bars  were  then  heat  treated  as  follows  to  restrengthen  the 
Waspaloy: 

Solution  -  1850  i25®F  for  1  hour  (air  cool) 

Stabilization  -  1550  il5°F  for  4  hours 

Precipitation  -  1400  il5“F  for  16  hours 

4.4.3  Inspection 

I’ost  heat-treat  X-ray  inspection  revealed  small  cracks  normal  to  the  weld 
joint  in  the  heat-affected  zone  of  the  INlOO.  The  cracks  were  apparently 
caused  by  loss  of  ductility  in  the  INlOO  as  a  result  of  a  change  in  micro¬ 
structure.  The  X-ray  inspection  also  indicated  a  transverse  crack  in  one 
of  the  fatigue  specimens,  signifying  a  lack  of  fusion  between  the  two  mate¬ 
rials.  Since  only  one  specimen  was  obtained  from  each  weld  joint,  final 
macliining  of  the  specimens  was  performed  in  a  manner  that  minimized  the 
number  of  cracks  existing  within  the  specimen  test  section.  However,  post¬ 
machining  X-ray  inspection  revealed  that  only  one  fatigue  specimen  (shown 
previously  in  Figure  27)  and  two  of  the  tensile/stress  rupture  specimens 
were  crack-free. 

4.4.4  Sample  Weld  Joints 

Additional  samples  of  INlOO  and  Waspaloy  were  electron-beam  welded  to  in¬ 
vestigate  wiiether  the  cracks  were  caused  by  the  welding  operation  or  the 
subsequent  heat  treatment.  The  sample  thickness  was  only  0.400  in.  com¬ 
pared  to  the  0.500  in.  for  the  test  specimens,  requiring  less  beam  power 
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and  reducing  the  possibility  of  crack  initiation.  Reduced  power  settings 
and  beam  travel  speeds  were  used  to  attempt  to  develop  a  sound  weld  joint. 
Radiographic  inspection  of  six  samples  welded  with  95-100%  beam  penetration 
showed  crack-free  joints  before  and  after  heat  treatment,  indicating  that 
the  lower  beam  power  may  have  had  a  beneficial  effect.  The  power  settings 
for  these  samples  are  presented  in  Table  IX.  These  samples  were  then 
machined  into  stress  rupture  specimens  having  cylindrical  gage  sections 
and  threaded  shanks  to  evaluate  joint  strength. 


4.5  BRAZED  METALLIC  SPECIMENS 


4.5.1  Machining 

Blade  and  disk  pieces  for  the  brazed  specimens  were  machined  from  bar- 
stock.  The  attachment  fingers  were  formed  by  contour  grinding. 

The  initial  machining  operation  on  the  attachment  fingers  of  the  brazed 
metallic  test  specimens  produced  an  interference  fit  of  the  mating  sur¬ 
faces.  Additional  material  was  removed  to  obtain  a  0.003- to  0.005-in. 
loose  fit  between  each  set  of  specimen  mating  fingers  to  allow  clearance 
for  nickel  plating  and  braze  material  flow  between  mating  surfaces. 

4.5.2  Brazing 

At  the  brazing  temperature,  both  Waspaloy  and  INlOO  form  titanium  and 
aluminum  oxide  coatings,  which  cause  the  braze  to  "ball-up"  and  resist 
flow.  For  this  reason,  a  0.0004-  to  0.0006-in.  nickel  plate  was  elec- 
trolytically  deposited  on  the  fingers  of  each  specimen  (see  Figures  35 
and  36)  followed  by  an  oven  bake  at  900° F  for  30  minutes  to  ensure  a 
good  bond  between  the  nickel  plate  and  parent  material.  The  specimens 
were  placed  in  a  brazing  fixture  designed  to  hold  them  securely  during 
the  braze  cycle,  as  shown  in  Figure  37.  Shims  were  placed  in  strategic 
locations  to  ensure  that  a  0.002-  to  0.004-in.  clearance  was  maintained 
between  each  set  of  specimen  mating  surfaces.  The  fixture  was  Rokide- 
coated  in  the  area  beneath  the  attachment  fingers  to  prevent  the  braze 
from  bonding  to  the  fixture.  The  AMS  4778  braze  filler  metal  was  applied 
with  a  hypodermic  syringe,  and  all  specimens  were  brazed  in  a  hydrogen  atmos¬ 
phere  at  2000°F  ':25°F  for  20  minutes.  Postbraze  visual  inspection  indicated 
a  lack  of  braze  coverage  over  the  area  adjacent  to  the  braze  fixture  base. 
This  was  attributed  to  contamination  by  the  Rokide  coating  and  insufficient 
heating.  The  specimens  were  subjected  to  a  second  braze  cycle  after  being 
inverted  in  the  fixture.  After  rebrazing,  braze  buildup  was  noted  on  the 
fatigue  test  specimens  in  the  space  between  adjacent  fingers.  The  surplus 
braze  material  was  machined  away  before  the  postbraze  heat  treatment  to 
avoid  diffusing  excess  boron  and  silicon  (elements  present  in  the  braze  to 
lower  its  melting  temperature)  into  the  parent  material. 
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■'♦,5.3  1  ns  pec  t  ion 

X-ray  inspection  follo'<?lns  rebrazing  indicated  a  minimum  of  80%  braze 
coverage.  X-rays  of  two  sets  of  fingers  of  each  specimen  were 
simultaneously  taken  by  inserting  the  film  into  the  center  slot  and  one 
side  slot  between  the  fingers.  The  process  was  then  repeated  for  the 
remaining  two  sets  by  turning  the  specimens  to  their  opposite  sides  and 
inserting  two  v.»re  films.  In  this  manner,  each  set  of  mated  attachment 
fingers  could  be  inspected  individually. 


4 , 5 .  '♦  Heat  Treatment 


following  inspection,  tlie  specimens  were  reloaded  into  the  fixtures  and 
subjected  to  tlie  following  heat  treatment  to  diffuse  the  braze: 


Temperature, 


Time,  hr 


1300  ■  25 
1900  ■  25 
1950  •  25 


8 

8 

56 


Tl\e  pui'i'ose  of  the  lower  temperature  soaking  was  to  raise  the  remelt 
temperature  of  the  braze  by  diffusing  out  part  of  the  boron  and  silicon. 

A  rapid  rise  to  tlie  1950  F  level  could  have  induced  remelting  of  the 
braze,  resulting  In  possible  misalignment  of  the  specimens.  Immediately 
following  the  56-hr  pliase  at  1950‘’F  and  prior  to  cooling,  the  specimens 
were  exposed  to  an  additional  heat  treatment  to  restrengthen  the  Waspaloy 
material  as  follows: 


1,  Fast  air  cool  from  1950’  to  1000" F  at  a  rate  of  40®F/mln 

2,  Kalse  to  1550  '  15  F  for  4  hr 

3,  Cool  to  1000  F 

4,  Kalse  to  1400  15  F  for  16  hr 

5,  Cool  to  ambient 


Tlie  entire  diffusion  and  restrengthening  heat  treatment  cycle  was  con¬ 
ducted  in  argon.  The  specimens  were  then  cleaned.  X-rayed,  and  approved 
Cor  testing. 
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5.0  TASK  IV  -  UNIAXIAL  SPECIMEN  TESTING 


OBJECTIVES 


The  objectives  of  this  task  were  to  evaluate  the  three  selected  attachment 
methods  under  simulated  engine  loads,  and  to  select  the  most  suitable 
method  for  further  testing  under  Task  V.  These  were  accomplished  by  sub¬ 
jecting  the  uniaxial  models  of  the  fir-tree,  welded,  and  brazed  attach¬ 
ment  designs  to  tensile,  vibratory  fatigue,  and  stress  rupture  tests. 

5.1  TEST  EQUIPMENT 


5.1.1  Tensile 

The  tensile  tests  were  conducted  on  the  Tinius  Olsen  Universal  Tensile 
Testing  Machine  shown  in  Figure  38.  This  machine  has  a  load  capacity 
of  60,000  lb  and  is  equipped  with  recording  equipment  and  strain  rate 
controls.  The  specimens  were  tested  to  failure  at  ambient  temperature 
with  a  crosshead  speed  of  0.05  in. /min. 

5.1.2  Vibration 

Vibratory  tests  were  performed  at  ambient  temperature  on  the  resonating 
beam  rig  illustrated  in  Figure  39.  The  disk  portion  of  the  test  speci¬ 
mens  was  clamped  securely  in  the  test  frame,  while  the  resonant  beam  was 
bolted  to  the  blade  portion.  Known  vibratory  stresses  were  applied  to 
the  specimen  by  resonating  the  beam  at  controlled  amplitudes.  Radial 
load  was  applied  by  means  of  the  calibrated  coil  spring. 

5.1.3  Stress  Rupture 

Stress  rupture  tests  were  conducted  at  lAOO^F  using  the  Arcweld  Manufac¬ 
turing  Company  stress  rupture  machines  shown  In  Figure  40.^  These  machines 
have  a  load  capacity  of  12,000  lb  and  temperature  capability  up  to  2200*’F. 
The  specimen  temperature  was  stabilized  prior  to  Initiation  of  loading. 

5.2  FIR-TREE  ATTACHMENT  TESTS 

5.2.1  Test  Procedure  and  Results 

Two  metallic  fir-tree  specimens  were  tested  for  ultimate  strength  at 
room  temperature  to  verify  the  calculated  burst  margin  for  this  config¬ 
uration.  Failure  of  both  specimens  occurred  at  the  first  neck  of  the 
fir-tree  In  the  IN  100  material  (see  Figure  41).  Test  data  are  pre¬ 
sented  In  Table  X. 
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TABl.i:  X. 

FIR-TREE  TENSILE  TEST  DATA* 

Specimen 

Number 

i.oad  to 
l-'a  1  lure 
(lb) 

Oltlnuitc  Strength  at** 
Location  of  Failure 
(pBi) 

Location  of 
Failure 

1 

13,500 

133,500 

First  neck  of 
blade  fir-tree 
(IN  100) 

) 

12,750 

130,900 

First  neck  of 
blade  fir-tree 
(IN  100) 

•All  tests 

conducted  at  room 

temperature 

'-“’•nocs  not  Include  stress  concentration  factor.  Minimum  room  tempera* 
lure  ultimate  strength: 

IN  100  -  115,000  psi 

WAShAhOY  -  130,000  pst 

TM 


Six  specimens  were  stress-rupture  tested  at  a  uniform  temperature  environ¬ 
ment  ot  1400  K.  Hie  applied  load  was  varied  from  a  minimum  of  5000  lb  to  a 
maximum  ot  8000  lb  to  define  the  stress-time  failure  line.  During  tests 
ot  the  lirst  lour  specimens,  the  restraining  clamp  deformed,  allowing 
tlie  female  section  to  spread  slightly  (see  Figure  42).  The  contact  area 
of  tlie  first  two  i^alrs  of  teeth  was  thus  reduced,  resulting  in  an  over- 
stressed  Joint.  Increased  bending  stresses  were  transmitted  to  the 
first  neck  of  the  joints  because  the  load  on  each  tooth  pair  was  applied 
at  a  different  location.  The  Joint  failures  were  therefore  premature, 
r<^8ulting  In  stress  rupture  data  representative  of  a  minimum  strength 
tliat  can  be  aclilcvcd  with  the  attachment.  Progressive  clamp  refinements 
during  tlie  first  four  tests  eliminated  the  problem  for  the  remaining 
two  stress  rupture  specimens.  Two  new  clamps  were  fabricated  from 
WASi’AI.OYi”!  using  Iilgli-strength  nuts  and  bolts  for  the  final  two  tests, 
and  no  clamp  deformation  could  be  detected.  Tliese  specimens  also  failed 
in  the  first  neck  ot  the  fir-tree  in  the  IN  100  material  (see  Figure  43). 
Stii'ss  rupture  test  data  are  presented  in  Table  XI. 

The  fivi‘  specimens  scliedulcd  for  fatigue  testing  were  strain  gaged  for 
load  calibration  and  to  ensure  proper  alignment  in  the  loading  fixture. 

The  objective  of  those  tests  was  to  define  load  combinations  (static 
railiil  load  with  alternating  bending  load)  that  would  yield  10^  cycles 
for  each  attachment  configuration.  Kach  specimen  was  subjected  to  a 
static  radial  load  and  a  vibratory  bending  load,  and  cycled  until  the 
sped  len  failed  or  10^  cycles  (runout)  was  reached.  If  a  runout  was 
olit  iineil,  tlie  vibratory  bending  load  was  increased  while  maintaining 
the  original  static  radial  load,  and  the  test  was  continued.  This  pro¬ 
cedure  was  followed  until  failure  occurred.  The  applied  static  load 
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was  varied  froa  1500  to  2500  lb.  The  ■Inlaaaa  applied  vibratory  bending 
■  tress  was  5000  pai  and  the  naxinuai  ties  30»000  pai.  Each  speciiaen  failed 
in  the  first  neck  of  the  fir-tree  in  the  IN  100  material  (see  Figure  44). 
The  fatigue  data  are  given  in  Table  XII. 


TABLK  XI.  FIR-TRKK  STRESS  RUPTURE  DATA* 


Stress  Level 


Spec Imcn 
Number 

Load 

(lb) 

Failure  Location 
(P*l) 

Life 

(hr) 

Location  of 

Failure 

3 

5,000 

51,000 

212.1 

Small  neck  of  fir- 
tree  (IN  100) 

4 

7,500 

76,500 

49.9 

Large  neck  of  fir- 
tree  (IN  100) 

5 

6,000 

61,300 

340.5 

Small  neck  of  fir- 
tree  (IN  100) 

6 

8,000 

82,000 

2.9 

Small  and  large  neck 
of  fir-tree  (IN  100) 

7 

8,000 

82,000 

32.4 

Large  neck  of  fir- 
tree  (IN  100) 

8 

7,000 

71,500 

134.6 

Large  neck  of  fir- 
tree  (IN  100) 

*All  testj  ci^nJucted  at  HOO^F. 

**Does  not  Include  stress  concentration  factor. 


5.2.2  Failure  Analyais 

Failure  analysis  of  the  fir-tree  test  specimens  yielded  the  following 
conclusions  snd  observstions: 

•  The  test  specimen  fracture  surfaces  were  typical  of  the 
type  of  test  esch  represented,  e.g.,  tensile,  fstlgue, 
or  stress  rupture. 

•  All  re presents tlve  fsllures  occurred  at  the  large  neck 
of  the  fir-tree.  Just  below  the  blade  platform.  Failure 
of  the  small  neck  of  the  attachment  during  some  stress 
rupture  tests  was  attributed  to  the  spreading  of  the 
restraining  clamp. 
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TAI4I.K  XII.  FIR-TRKK  VIBRATORY  TKST  DATA* 


Static 

Static 

Vibratory 

Cycles  to 

pee imen 

Load 

Stress 

Stress 

Rending  Moment 

Failure 

Location  o 

Number 

(Ibl 

(psl) 

(psl) 

(in. -lb) 

(x  106) 

Failure 

9 

2,000 

20,000 

15,000 

148 

3.1 

Large  neck 
(IN  100) 

10 

2,000 

20,000 

30,000 

296 

0.87 

Large  neck 
(IN  100) 

11 

2,000 

20 , 000 

5,000 

49.3 

>10.0 

•  • 

10,000 

98.6 

>10.0 

-- 

15,000 

148 

3.8 

Large  neck 
(IN  100) 

IJ 

2 , 500 

25,000 

5,000 

49.3 

>10.0 

10,000 

98.6 

>10.0 

-- 

15,000 

148 

2.04 

Large  neck 
(IN  100) 

13 

1 , 500 

15,000 

15,000 

148 

9.6 

Large  neck 
(IN  100) 

•All  tosts  coiuluctcd  at  room  temperature. 

'Does  not  Include  stress  concentration  •' lor. 

5.3  U’i:i.DED  ATTAaL^^■NT  TE^ 

5.3.1  Test  I’roccdurc  and  Results 

rite  welded  attachment  metallic  teft  specimens  were  reexamined  by  X-ray 
inspection  tollowing  final  machining  to  determine  the  number  of  crack- 
free  specimens,  because  some  of  tite  cracks  were  removed  by  the  machining 
operation.  One  higli-cycle  fatigue  specimen  and  two  tensile/atresa  rup¬ 
ture  specimens  wefe  found  to  contain  no  cracks.  The  latter  specimens 
were  distributed  so  that  one  crack-free  specimen  was  used  for  each  type 
of  test.  lioom  temperature  tests  were  conducted  on  the  two  tensile  and 
five  fatigue  specimens;  stress  rupture  tests  were  conducted  at  1400"F 
on  five  specimens.  The  fractured  specimens  are  shown  in  Figures  45,  46, 
and  47.  Tlie  data  from  the  tensile,  stress  rupture,  and  vibratory  stress 
tests  are  presented  in  Tables  XIII,  XIV,  and  XV,  respectively. 

Rotli  tensile  specimens  failed  within  the  IN  100  heat-affected  weld  zone. 
The  tensile  data  indicated  that  maximum  strength  was  attained  from  the 
crack-free  specimen  and  that  the  weld  developed  907.  of  the  IN  100 
strcngtli  (weaker  material  at  room  temperature).  Only  the  crack-free 
stress  rupture  specimen  failed  outside  of  the  weld  zone.  In  this  case, 
the  failure  occurred  in  tlie  Waspaloy  (weaker  material  at  1400 ** F) .  All 
the  vitiratory  specimens  failed  in  the  IN  100  weld  zone. 
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TABLE  XIII.  WELDED 

ATTACHMENT 

TENSILE  TEST  DATA* 

Spec Imen 
Number 

Pretest  Condition 

Load  to 
Failure 
(lb) 

Ultimate"* 

Strength 

(psl) 

Location  of 
Failure 

6 

Good 

9,220 

112,500 

Weld 

9 

Weld  crack  Indications 
by  X-ray 

7,310 

89,200 

Weld 

*A11  specimens  were  Electron  Beam  welded;  heat  treated  1850° F  1  hour 
In  Argon,  A/C,  15S0°F  4  hours,  and  1400°F  16  hours  (PUA-11-34) ;  and 
machined  to  test  specimen  configuration.  Metallic  specimens  of  the 
welded  attachment  were  designed  with  modified  cross-sectional  areas 
to  produce  relative  stress  levels  under  tensile  type  loads  as 
would  be  produced  by  centrifugal  loads.  All  tests  conducted  at 
room  temperature. 

*'^Does  not  Include  stress  concentration  factor. 

Minimum  room  temperature  ultimate  strength: 

IN  100  •  115.000  psl 

Uaspaloy  •  180,000  psl 


lABI.i;  XIV.  WKl.DKl)  ATTACILMKNT  STRKSS  RUl'TURK  DATA* 


Stress  Level” 


Spec  inieii 
Number 

I'reles  l 

CotuI  1 1  ion 

Load 

ab^ 

at  Failure  Location 
(psl) 

Life 

(hr) 

Location  of 
Failure 

1 

Weld  crack 
i lul  lent  Ions 

7,450 

91,000 

0.1 

Weld 

} 

Weld  crack 
i nd icat Ions 

4,640 

56,500 

31.0 

Weld 

i 

(lood 

4,100 

54,600 

224.6 

Uaspaloy 

4 

Weld  crack 
Ind lent  Ions 

3,730 

45,500 

76.5 

Weld 

5 

Weld  crack 

Indications 

4,940 

60 , 200 

1.8 

Weld 

'•'All  specimens  were  Klectron  Beam  welded;  heat  treated  1850° F  1  hour 
In  Argon,  A/C,  1550’f  4  houra,  and  1400°F  16  hours  (IVA-11-34) ;  and 
mnclilned  to  test  specimen  configuration.  Metallic  specimens  of 
welded  nttnclimcnt  were  designed  with  modified  cross-sectional  areas 
to  produce  relative  stress  levels  under  tensile  type  loads  as  would 
be  produced  by  centrifugal  loads.  All  tests  conducted  at  1400° F. 

'•''•Docs  not  Include  stress  concentration  factor. 
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TABLE  XV. 

WELDED 

ATTACHMENT 

HIGH  CYCLE  FATIGUE  DATA* 

Static** 

Cycles 

Static 

Vibratory 

to 

Location 

Specimen  Pretest 

Load 

Stress 

Stress 

Bending  Moment 

Failure 

of 

Number  Condition 

(lb) 

(psi) 

(P«i) 

(in. -lb) 

(x  106) 

Failure 

7 

Weld  crack 
Indications 

4,200  62,200  9,800 

30 

2.3 

Weld 

8 

Weld  crack 
ind ications 

4,200  62,200  4,900 

15 

1.75 

Weld 

10 

Weld  crack 
indications 

Failed  during  static 

loading 

0.0 

Weld 

11 

Good 

4,200  62,200  4,900 

15 

>10.0 

Weld 

62,200  9,800 

30 

3.67 

Weld 

12 

Weld  crack 
indications 

Failed  during  static 

loading 

0.0 

Weld 

*A11  speciment  were  Electron  Beam  welded;  Waspaloy  heat  treated  18S0**F 
1  hour  In  Argon,  A/C,  1550®F  4  hours,  and  1400“F  16  hours  (PWA-11-34) ; 
and  machined  to  test  specimen  configuration.  All  tests  conducted  at 
room  temperature. 

**Does  not  include  stress  concentration  factor. 
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5.3.2  Failure  Analysis 


Failure  analysis  of  the  welded  test  specimens  yielded  the  following  con¬ 
clusions  and  observations: 

•  Ratlioi^raplilc  inspection  showed  transverse  weld  cracks  in 
75  of  tlie  specimens  and  Indications  of  Incomplete  fusion 
on  two  specimens  at  tlie  IN  100  fusion  line. 

•  Microstructura  I  examination  showed  weld  metal  cracking 
and  Intergranular  cracks  in  the  IN  100  heat  affected 
/one  (see  Figures  48  and  49> .  Tills  cracking  was  con- 
siilered  to  liave  occurred  during  welding. 

•  All  weld  failures  occurred  preferentially  In  tlie  IN  100 
fusion  lino.  Ilxami  nat  Ion  of  tlie  fracture  surfaces 
showed  extensive  flat  areas,  i%'hlch  are  characteristic 

ol  brittle  failures  (see  Figures  50  and  51).  The  stress 
rupture  weld  failures  did  not  exhibit  secondary  cracking 
at  tlie  fracture  face;  this  also  Indicates  nonductile 
la  L lure. 

•  rhe  WA.si'ALOY'p^vi  fracture  of  the  crack  free  stress  rupture 
specimen  (previously  shown  In  Figure  46)  was  Irregular  and 
displayed  secondary  cracking,  denoting  a  stress  rupture 
type  of  failure. 

5.3.3  Sample  Weld  Specimens 

The  six  additional  welded  cylindrical  specimens  were  subjected  to  1400“F 
stress  rupture  testing  to  evaluate  the  effects  of  the  welds  performed  at 
a  reiluced  power  setting,  as  previously  Indicated  in  Table  IX.  Tests  were 
conducted  wltli  stress  levels  from  30,000  to  70,000  psl  to  establish  a  fail¬ 
ure  line  for  the  sample  weld  joints.  The  test  data  are  presented  In 
Table  XVl.  The  three  specimens  subjected  to  a  stress  of  60,000  psl  or 
greater  tailed  during  application  of  the  load.  IVo  specimens  stressed  to 
40,1)00  psl  or  less  ran  for  more  than  1000  hours  without  failure,  and  these 
tests  were  discontinued.  Only  one  specimen  failed  within  a  reasonable 
time  span,  making  the  formulation  of  a  failure  line  extremely  difficult. 

All  failures  occurred  on  the  IN  100-slde  of  the  weld  joint  within  the  heat 
affected  /.one.  This  was  typical  of  the  failures  exhibited  by  the  attach¬ 
ment  test  specimens,  and  it  was  concluded  that  the  decreased  weld  power 
settings  did  not  improve  the  weld  joint  strength. 
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TABLE  XVI.  ELECTRON  BEAM-WELD  SAMPLES  -  STRESS  RUPTURE  DATA 


Sample 

Number 

Load 

(lb) 

Stress 

(psi) 

Life 

(hr) 

Failure 

Location 

1 

1,500 

60,000 

IN 

100  heat 

a  f  fee  ted 

zone 

2 

1,750 

70,000 

— * 

IN 

100  heat 

affected 

zone 

3 

750 

30,000 

1310.1 

4 

1,000 

40,000 

1177.8 

5 

1,500 

60,000 

IN 

100  heat 

affected 

zone 

6 

1,250 

50,000 

77 

IN 

100  heat 

affected 

zone 

^Ruptured  on  loading. 
^''^Discontinued  test  prior  to 

failure. 

5.4  BRAZED  ATTACHMENT  TESTS 
5.4.1  Teat  Procedure  and  Results 

The  test  procedures  for  the  brazed  specimens  were  identical  to  those 
followed  for  the  welded  and  fir-tree  tests.  In  the  tensile  and  vibra¬ 
tory  tests  (room  temperature)  ,  failure  occurred  primarily  at  the  OD  of 
the  attachment  Joint  in  the  IN  100  as  Illustrated  In  Figures  52  and  53, 
respectively.  The  stress  rupture  tests  produced  failure  at  the  ID  of 
the  attachment  In  the  Waspaloy  (see  Figure  54).  This  shlfb  In  failure 
location  Is  caused  by  the  marked  decrease  In  the  strength  of  Waspaloy 
at  1400®F.  In  the  prototype  design,  the  disk  material  would  experience 
maximum  temperature  levels  in  the  1100°F  range  in  highly  stressed  areas 
at  the  attachment  root. 

The  test  data  from  the  tensile,  stress  rupture,  and  vibratory  tests 
are  presented  in  Tables  XVII,  XVIII,  and  XIX,  respectively. 
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lAl’.I.i;  XVII.  HKAZKD  TKNSILK  TKST  DATA* 


Ultimate 

S  pec imen 

Bra/.e  Area 

Load  Strength  *' 

Location  of 

Number 

(7J 

(Ib)  (psl) 

Failure 

1  90 

9 , 300 

112,000 

Blade 

rad lus 

(IN 

100 

90 

8 , 300 

100,000 

Blade 

radius 

(IN 

100 

‘All  tests  conducted  at  room  temperature. 

'• ‘noes  not  Include  stress  concentration  factor. 
Minimum  room  temperature  ultimate  strength: 

IN  100  -  115,000  psl 

Waspaloy  -  180,000  psl 


TABLE  XVIII.  BRAZED  STRESS  RUPTURE  DATA* 


Spec Imen 
Number 

Braze 

Area 

Load 

(lb) 

Stress** 

Level 

(psi) 

Life 

(hr) 

Location  of 
Failure 

I 

90 

7,000 

84,400 

0.9 

Disk 

radius 

(Wasp) 

2 

90 

6,000 

72,400 

17.1 

Disk 

radius 

(Wasp) 

3 

90 

5,500 

66,400 

8.2 

Disk 

radius 

(Wasp) 

■4 

90 

5,000 

60,200 

40.0 

Disk 

radius 

(Wasp) 

5 

90 

4,500 

54,300 

155.3 

Disk 

radius 

(Wasp) 

'‘All  tests  conducted 

at  1400'’ F. 

'■'■Does  not  Include  stress  concentration  factor. 
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TABLE  XIX.  BRAZED  VIBRATORY  TEST  DATA* 


Static 

Static** 

Vibratory 

Cycles  to 

Specimen 

Load 

Stress 

Stress 

Bending  Moment 

Failure 

Location  of 

Number 

(lb) 

(psi) 

(psi) 

(in. -lb) 

(x  10^)  Failure 

8 

2,000 

29,800 

20,400 

148 

0.5 

Blade  radius 

(IN  100) 

9 

1,000 

14,900 

10,200 

74 

>10.0 

13,600 

98.7 

>10.0 

— 

17,000 

123.4 

6.2 

Blade  radius 

(IN  100) 

10 

2,000 

29,800 

6,900 

50 

>10.0 

10,200 

74 

>10.0 

— 

13,600 

98.7 

>10.0 

— 

17,000 

123.4 

>10.0 

— 

20,400 

148 

1.9 

Blade  radius 

(IN  100) 

11 

2,500 

37,300 

6,900 

50 

>10.0 

10,200 

74 

>10.0 

... 

13,600 

98.7 

9.2 

Blade  radius 

(IN  100) 

12 

1,500 

22,400 

13,600 

98.7 

10.0 

Blade  radius 

(IN  100) 

NOTE: 

Braze  coverage  of  vibratory  specimens  equal 

to  85%. 

*A11  tests  conducted  at  room  temperature. 

**Does  not  include  stress 

concentration  factor. 

I 

5.4,2  Failure  Analysis 

The  following  conclusions  and  observations  were  made  as  a  result  of  the 
failure  analysis  of  the  brazed  specimens: 

•  All  the  failures  were  characteristic  of  the  type  of  test 
each  represented. 

•  Room  temperature  tests  yielded  failure  in  the  IN  100 
blade  material  (weaker  material  at  room  temperature) , 
while  the  stress  rupture  failures  occurred  in  the  Waspa- 
loy  (weaker  material  at  1400'’F). 

•  All  failures  occurred  in  parent  metal  indicating  adequate 
braze  coverage. 
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5.3  DATA  AN'Al.YSLS 


Tlio  burst  margin  was  Jetermlned  by  comparing  the  attachment  ultimate 
strength  wLtli  tlie  calculated  centrifugal  pull  of  each  design  at  the  lo¬ 
cation  of  failure.  Table  XX  presents  the  results  of  the  calculations. 

Tlie  lir-tree  and  brazed  designs  met  the  30%  design  burst  margin  requirement 
at  tlie  location  of  failure  after  including  the  reduction  in  ultimate  strength 
at  operating  temperature.  These  designs  failed  at  the  attachment  OD  in  the 
IN  100  material,  whicli  experienced  ISOO^F  temperatures.  The  welded  design 
had  a  burst  ;nargin  of  21%  with  failure  in  tlie  IN  100  heat  affected  zone 
of  the  weld  joint  that  experienced  1200°F  temperatures. 

Further  testing  untler  centrifugal  loading  to  evaluate  the  attachment  ulti¬ 
mate  strength  would  be  necessary  (i.e.,  failure  at  other  critical  attach¬ 
ment  locations)  before  complete  definition  of  the  minimum  burst  margin  for 
eacli  design  could  be  provided. 

The  tensile  and  vibratory  test  data  were  combined  in  the  form  of  a  modi¬ 
fied  Coodman  diagram  for  each  of  the  three  attachment  schemes  to  deter¬ 
mine  their  ability  to  sustain  combined  static  and  vibratory  loads  (Fig¬ 
ures  55,  56,  and  57).  The  static  load  measured  at  failure  from  the 
tensile  tests  is  plotted  on  the  vertical  axis.  The  endurance  limit 
(zero  static  load)  of  IN  100  converted  into  bending  moment  has  been  used 
as  the  end  point  on  the  horizontal  axis,  since  all  vibratory  failures 
occurred  in  the  blade  portion  of  the  attachments.  The  curves  faired 
through  the  fatigue  data  between  these  two  end  points  represent  the 
limiting  combinations  of  static  load  and  vibratory  bending  moment  which 
yieltl  10^  cycles  for  each  design.  Selecting  the  theoretical  design 
static  load  at  tlie  location  of  failure  as  the  critical  radial  load  for 
each  attachment  method,  the  maximum  vibratory  bending  moment  yielding 
tlesign  life  may  be  obtained  along  the  horizontal  axis.  Note  that  the 
weld  design  (in  its  present  state  of  development)  has  inferior  capability 
to  sustain  a  vibratory  load  relative  to  either  the  fir-tree  or  brazed 
des  igns . 

Tlie  stress  rupture  data  for  the  three  attachment  methods  are  plotted  in 
terms  of  stress  at  the  failure  location  versus  time  to  failure  in  Fig¬ 
ure  58.  Data  for  specimens  that  did  not  achieve  a  minimum  of  5  hours 
life  are  not  included  in  the  figure.  The  fir-tree  life  characteristic 
(Figure  58a)  was  drawn  favoring  the  higher  points  because  of  clamp 
yielding,  which  permitted  uneven  tooth  load  distribution  in  three  of 
the  specimens.  All  but  one  of  the  welded  specimens  had  small  cracks 
transverse  to  the  weld  in  the  IN  100  heat-affected  zone.  Therefore, 
the  higher  stress  rupture  points  in  Figure  58(b)  were  favored  to  represent 
lile  for  crack- free  welds. 
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Unilrr  ACitMl  ct>ntllcl<mi,  Mch  actAeltnwnc  would  hava  axpartancad 

a  lar^t*  irtopcrniiirp  xradlont.  Tlia  blada  platforwi  axpoaad  to  Raa  atraam 
tem|H«ratur»,  would  o|H>rato  at  approximataly  1S00*F«  Itowavari  tita  diak 
would  l»r  liatlicd  In  cooling  air  and  axparlanca  1000*  to  1200*F  tanparatura 
lovola  iu«ar  ilio  attaciNnaiit  It)  (pravloualy  ahown  In  FIgura  10).  THa  1400*F 
t«at  data  wart*  oxirapolatcd  to  ovaluata  tlia  attaelxnant  concapta  at  op- 
oraeln^  i«m|t«ratura  condltlona.  Tlta  affacta  of  tamparatura  on  atraaa 
rupture  life  arc  altown  by  titc  matarlala  data  plottad  In  FIgura  59.  For 
lOOO'hr  II  fa  I  tlia  allowable  atraaa  laval  of  Waapaloy  (FWA  1016)  Incroaaaa 
12A7.  when  Its  operating  tattiperatura  la  decraaaad  to  1200*F.  Tha  1000* 
hr  allowable  atraaa  of  IN  100  (iVA  658)  dacraaaaa  20.77.  wlian  Ita  tatapara- 
Cura  la  ralaad  from  1400  to  1500  F.  TItaaa  parcantaga  chingaa  In  allow- 
ahla  atraaa  wara  applied  to  the  axparlaiancal  data  pravloualy  ahown  in 
Figure  5t).  Tlia  reaulta  are  altown  for  each  attachiaant  in  FIguraa  60|  61, 
and  62  aa  load  veraua  life;  daaign  loada  wara  uaad  to  dufina  tha  requlra- 
mant  for  ID  (dIak)  and  00  (blade)  raglona  of  each  attachaianC. 

Tlic  life  clwiractcrlatlca  data  auinroarlxad  In  Tabic  XXI  Indicate  Citat  with 
Wrapaloy  and  IN  100  matariala,  none  of  the  attachment  daaigna  could 
nclilevc  the  lOOO-ltr  daaign  life.  Ute  fir-craa  Ufa  waa  llmltad  by  tha 
IN  100  Htrcngcli  at  Che  1500*F  operating  temperature.  Tha  welded  attach¬ 
ment  life  waa  limited  by  either  Che  weld  Itaalf  or  Che  IN  100  in  Che  heat- 
affected  zone.  Tlic  brazed  attachment  life  waa  limited  by  the  Waapaloy 
atrengCh  at  the  1200'* F  operating  temperature.  Aa  tha  IN  100  did  not  fall 
in  the  braze  apeclmcna,  only  the  minimum  atreaa  that  tha  matarlal  could 
wt.hatand  waa  determined.  The  minimum  IN  100  atraaa  rupture  character la tic 
at  Che  operating  temperature,  however,  fell  abort  of  the  1000-hr  goal. 

Uac  of  Che  more  advanced  materlala  aelected  in  the  turbine  dealgn  would 
permit  Incrcaaed  life  from  each  dealgn.  The  Improvementa  In  allowable 
atreaa  that  could  be  achieved  with  directionally  aolldlfled  SN  200 
(FWA  664)  aa  Che  blade  material  and  Aatroloy  (tUA  1013)  aa  the  diak 
material  are  Included  In  the  material  properclea  curvea  of  Figure  59. 

Thcae  Improvementa  were  applied  to  the  Waapaloy/IN  100  load  limit  curvea 
of  Flgurea  60.  61.  and  62  to  define  Che  llmlta  for  the  Improved  materl- 
ala.  Aasumlng  that  crack-free  welda  comparable  to  the  Waapaloy/IN  100 
combinatio')  could  be  achieved,  and  that  the  actual  load-carrying  capa¬ 
bility  of  Che  OD  aection  would  be  aomewhat  above  the  minimum  attength 
curve  defined  for  thla  region,  the  welded  attachment  would  meet  the 
1000-iir  life  requlrementa  with  the  auperlor  materlala.  Use  of  the  auperl- 
or  materlala  In  the  fir-tree  and  brazed  attachmenta  would  clearly  meet 
Che  required  dealgn  life.  In  the  brazed  attachment,  an  additional 
benefit  would  be  expected  because  the  Aatroloy  disk  material  la  metallurg- 
ically  more  compatible  than  Waapaloy  with  the  braze  cycle  and  the  poat- 
braze  heat  treatment.  Waapaloy  undergoes  extensive  grain  growth  above 
1800“f,  which  has  a  detrimental  effect  on  the  strength  properties  of  the 
material. 
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TAtU  XXI .  imsi  KUPTVIIE  Lift  Of  TASK  IV  AnACIMINT  SCHENU 
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6.0  task  V  -  FINAL  ATTACHMENT  SELECTION  AND  TEST 


OBJECTIVES 


The  objectives  of  this  task  were  to  (1)  select  the  most  promising  blade/ 
disk  attachment  design  based  on  the  results  of  the  Task  II  design  analyses 
and  the  Task  IV  screening  tests,  (2)  optimize  the  design  of  the  selected 
attachment  method  througli  additional  uniaxial  specimen  testing,  and  (3) 
proof  test  the  final  design  by  cyclic  stress  rupture  testing  of  biaxial 
specimens , 

6.1  FINAL  ATTACHMENT  SELECTION 

The  data  obtained  In  the  Task  IV  uniaxial  tests  indicated  that  the  weld¬ 
ed  design  was  Inferior  to  either  the  fir-tree  or  the  brazed  design  in 
ability  to  sustain  a  vibratory  load.  In  addition,  the  metallurgical  in¬ 
spection  of  the  weld  fractures  Indicated  brittle  failures  characterized  by 
transgranular  cracking.  For  these  reasons,  the  welded  design  in  its  pres¬ 
ent  state  of  developmer  was  eliminated  from  further  consideration. 

The  fir-tree  and  brazed  designs  exhibited  similar  stress  rupture  lives  and 
vibratory  strength.  However,  when  the  predicted  thermal  gradient  was 
analytically  applied  to  the  fir-tree  design,  thermal  expansion  caused  one 
or  more  pairs  of  teeth  to  unload.  Unless  very  carefully  designed  and 
fabricated  with  critical  tolerances  controlled,  the  life  of  the  fir-tree 
attachment  would  be  limited.  In  the  case  of  the  brazed  design,  the  pre¬ 
dicted  thermal  gradient  alleviated  in  the  stress  distribution  within  the  fin 
gers,  thus  extending  the  life  of  this  attachment.  The  centrifugal  pull  of 
the  fir-tree  design  at  the  attachment  ID  was  more  than  twice  as  great  as 
the  brazed  design  when  supporting  the  same  airfoil.  This  resulted  in  a 
much  heavier  disk  and  rotor  system.  Therefore  the  brazed  attachment 
offered  the  most  potential  for  small  high  temperature  turbines  and  was 
selected  for  final  attachment  testing. 

It  was  possible  to  use  Astroloy  (PWA  1013)  for  the  disk  specimens  in  this 
task  because  surplus  raw  material  became  available  from  another  program. 

This  alloy  was  originally  selected  for  the  turbine  design  and  offered 
the  additional  benefits  in  this  task  of  providing  (1)  a  more  severe  test 
for  the  IN  100  blade  material  and  braze  joint  due  to  greater  disk  strength, 
and  (2)  superior  braze  joints  due  to  better  resistance  of  the  Astroloy  to 
grain  growth  during  heat  treatment  compared  to  WASPALOY’jj.j.  Thus,  the  ulti¬ 
mate  potential  of  the  brazed  attachment  could  be  better  defined.  The  use 
of  directionally  solidified  SM  200  as  the  blade  material  was  considered 
beyond  the  scope  of  this  program  because  of  material  cost  and  procurement 
time . 

6.2  UNIAXIAL  SPECIMEN  OPTIMIZATION 

Radial  and  tangential  loads  were  simultaneously  applied  to  photoelastic 
models  of  the  attachment  to  simulate  both  the  thermal  and  radial  stress 
distribution  predicted  for  engine  conditions.  Three  tests  were  conducted 
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for  different  locations  of  the  radii  between  pairs  of  fingers.  The  model 
stress  for  each  of  the  three  modifications  is  plotted  in  Figure  63.  Stress 
patterns  of  the  final  modification  are  shown  in  Figure  64.  Relocation  of 
the  disk  radii  produced  a  definite  minimum  stress  concentration  within  the 
fingers.  Relocation  of  the  radius  in  the  blade  portion  did  not  indicate 
a  definite  minimum,  but  the  largest  dimension  produced  the  highest 
stress.  The  larger  dimension  would  result  in  a  lighter  weight  attach¬ 
ment,  but  fatigue  life  would  suffer  because  of  reduced  stiffness.  The 
blade  radius  location  was  therefore  selected  as  a  reasonable  compromise 
between  these  conflicting  factors.  The  effect  of  the  radii  relocations  in 
the  final  design  was  to  reduce  the  stress  concentrations  around  the  fin¬ 
gers  and  allow  the  attachment  to  achieve  a  higher  average  stress  level. 

In  addition,  the  fillet  radii  external  to  the  fingers  of  the  joint  were  in¬ 
creased  from  0.031  to  0.0625  in.  nominal  to  decrease  the  stress  concentra¬ 
tions  in  these  areas.  Figure  65  summarizes  the  major  design  changes  be¬ 
tween  the  Task  IV  and  Task  V  specimens. 

Redesign  of  the  uniaxial  brazed  specimens  also' Included  refining  the  dimen¬ 
sional  tolerances  as  applied  to  the  fingers  of  the  attachment.  This  elimi¬ 
nated  the  possibility  of  obtaining  an  interference  fit  between  mating  sur¬ 
faces  as  a  result  of  tolerance  "stack  up." 

6.3  UNIAXIAL  SPECIMEN  FABRICATION 

The  final  uniaxial  metallic  test  specimen  design  Incorporated  the  design 
changes  resulting  from  the  photoelastic  test  results.  The  procedures 
used  to  fabricate  these  specimens  and  the  problems  encountered  and  resolved 
are  described  in  the  following  paragraphs: 

6.3.1  Machining 

•  Rough  milling  to  form  the  fingers 

•  Electrical  discharge  machining  (EDM)  of  the  6-deg  thper  on 
each  finger 

•  Light  grinding  operation  to  remove  the  thin  EDM  recast  surface 
material 

•  Mating  in  pairs  and  serializing 

6.3.2  Prebrazing  Preparation 

The  surface  preparation  included  depositing  0,0004-  to  0.0006-in.  nickel 
plate  by  the  electroless  nickel  process  over  mating  surfaces  of  the  fingers 
to  prevent  the  formation  of  titanium  and  aluminum  oxides  which  inhibit  the 
flow  of  the  braze  material.  The  specimen  cleanliness  was  controlled  by 
degreasing  the  test  specimen  and  fixture  to  remove  all  contaminants  and 
performing  all  subsequent  handling  with  white  gloves  in  a  "clean  room." 
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6.3.3  Flxturing 


A  brazing  alignment  fixture  was  used  to  maintain  the  specimens  in  the 
required  cpnfiguration  with  a  clearance  between  mating  surfaces  for  the 
braze.  The  fixture  and  specimen  setup  was  accomplished  as  follows: 

•  Wall  Colmony  "green  stop-off"  applied  to  specimen  shanks  to 
prevent  undesired  brazing 

•  Specimens  positioned  by  alternating  Astroloy  and  IN  100  as 
shown  in  Figure  66  to  reduce  effects  of  thermal  expansion 

•  Shims  inserted  at  selected  shank  locations  to  facilitate 
alignment  of  mating  finger  surfaces;  prebrazing  clearances 
between  all  mating  surfaces  adjusted  for  0.001  to  0.0025  in. 

•  AMS  4779  (Coast  Metal  50)  braze  paste  uniformly  distributed 
with  a  hypodermic  syringe  and  needle  to  three  sides  of  each 
mating  surface 

•  Fixture  instrumented  with  two  thermocouples  spot  welded  to 
surface  for  control  of  braze  thermal  cycle 

6.3.4  Brazing 

The  specimens  were  initially  brazed  as  follows: 

•  Fixture  assembly  placed  in  furnace  retort  and  nitrogen  purged 

•  Retort  atmosphere  converted  to  hydrogen  with  continuous  purge 

•  Retort  inserted  in  heated  furnace  and  held  at  2050“?  for  18 
minutes 

Postbraze  visual  Inspection  indicated  approximately  757.  braze,  but  coverage 
was  very  nonuniform.  The  specimens  were  subsequently  cleaned  and  rebrazed 
at  2050“F  in  a  ^cuum  furnace  equipped  with  a  viewport  that  permitted  the 
braze  cycle  to  observed.  Radiographic  inspection  indicated  90  to  957. 
braze  coverage  lich  well  exceeded  the  minimum  required  coverage  of  507.. 

6.3.5  Postbrazing  Heat  Treatment 

The  specimens  underwent  postbraze  heat  treatment  consisting  of: 

•  12  hours  at  1975“F  in  hydrogen 

•  8  hours  at  1600“F  in  hydrogen 

•  Cool  to  500“F  in  hydrogen 

•  4  hours  at  1800°F  in  hydrogen 

•  Fast  air  cool 

•  24  hours  at  1200°F  in  air 

•  8  hours  at  1400“F  in  air 
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The  first  step  diffused  out  the  boron  and  silicon  from  the  braze  material, 
raising  the  remelt  temperature.  It  also  diffused  the  nickel  plate  Into 
the  parent  material  to  eliminate  the  Interface  and  create  a  stronger  joint. 
The  diffusion  cycle  was  reduced  from  72  to  12  hours  to  expedite  the  fabri¬ 
cation  and  reduce  the  cost  of  the  Task  V  uniaxial  specimens.  The  remaining 
steps  In  the  heat  treatment  cycle  were  performed  to  restrengthen  the  Astro- 
loy.  The  specimens  are  shown  In  Figure  67. 

6.3.6  Problems  Encountered  and  Resolved 

The  nickel  plate  required  for  prebrazing  surface  preparation  was  initially 
deposited  by  electroplating,  which  resulted  in  a  variation  of  plating  thick¬ 
ness  from  0.0001  to  0.002  In.  Visual  Inspection  Indicated  that  the  plating 
produced  an  interference  fit  between  mating  surfaces  in  some  locations. 

This  nickel  plate  was  chemically  removed  in  a  nitric  acid  bath,  and  nickel 
was  redeposlted  in  a  uniform  layer  by  the  electroless  nickel  process. 

The  75%  braze  coverage  after  the  Initial  brazing  attempt  produced  a  joint 
that  had  the  majority  of  the  void  region  adjacent  to  the  fixture  side  of 
the  specimen.  It  was  anticipated  that  unbalanced  loading  could  result  from 
this  void  concentration  and  produce  an  undesirable  stress  distribution. 

The  following  cleaning  operation  was  performed  prior  to  rebrazing: 

•  Hydrogen  "scrub"  for  1  hour  at  1800°F 

•  Descaling  in  potassium  permanganate 

•  Oxide  removal  in  Inhibited  hydrochloric  acid 

•  Completion  of  oxide  removal  with  hydrofluoric  acid  rinse 

•  Nickel  plate  (electroless  nickel  process) 

Rebrazlng  in  the  vacuum  furnace  permitted  the  brazing  temperature  to  be 
controlled  from  visual  observation  to  obtain  a  satisfactory  braze. 

6.4  UNIAXIAL  TESTS 

6.4.1  Test  Procedure  and  Results 

The  test  procedure  was  Identical  to  that  followed  In  Task  IV.  The  speci¬ 
mens  were  subjected  to  loads  ranging  from  4500  to  6500  lb,  with  the  speci¬ 
men  temperature  maintained  at  1400'’f.  The  test  data  are  presented  in 
Table  XXII. 

The  failed  specimens  are  shown  In  Figures  68  through  72.  Close  analysis 
of  the  specimens  indicated  that  the  fracture  originated  as  a  result  of 
braze  failure  on  certain  fingers.  This  was  concluded  by  post-test  examina¬ 
tion  of  the  failed  specimens  and  the  observation  that  rotation  of  the 
specimen  resulted  as  the  load  was  shifted  following  the  initial  failure  of 
one  joint.  When  two  fingers  of  a  specimen  experienced  failure  and  caused 
the  joint  to  be  eccentrically  loaded,  the  joint  attempted  to  rotate  until 
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the  load  was  again  applied  symmetrically.  The  remaining  fingers  failed  by 
stress  rupture  in  the  parent  material.  The  load  carrying  capabilities  of 
the  IN  100  and  Astroloy  fingers  were  essentially  equal  at  the  1400“F  test 
temperature.  For  the  two  most  highly  loaded  specimens,  the  load  was  suffi¬ 
cient  to  exceed  the  stress  rupture  strength  of  either  material  if  the  load 
were  imposed  on  three  fingers;  a  similar  failure  would  occur  for  the  other 
specimens  if  the  total  load  were  imposed  on  two  fingers.  Therefore,  fail¬ 
ure  of  either  or  both  materials  in  some  specimens  could  be  expected  soon 
after  two  or  three  fingers  were  subjected  to  the  total  load. 


TABLE  XXII. 

TASK  V  STRESS  RUPTURE  TEST  DATA*  I 

Load 

Stress** 

Location  of 

Specimen  (lb) 

(psl) 

BBI 

Failure 

1 

6,000 

61,000 

70.3 

2  braze  and  2 

Astroloy  failures 

2 

6,500 

66,000 

31.4 

2  Astroloy  and  2 

IN  100  failures 

3 

5,000 

50,900 

76.3 

2  braze,  1  Astro- 

loy,  and  1  IN  100 

failure 

4 

5,500 

56,000 

58.0 

1  braze  and  3 

Astroloy  failures 

5 

4,500 

45,800 

93.2 

2  braze,  1  Astro- 

loy,  and  1  IN  100 

failure 

*A11  tests 

conducted  at 

1400 

’F. 

Specimen 

materials  were 

IN 

100  (PWA  658) 

for  the 

blade  segment  and 

Astroloy 

(PWA  1013)  for 

the 

disk  segment. 

**Radial  stress  generated 

at 

the  base  of  the  Astroloy  fingers  not  includ- 

ing  a  stress  concentration 

factor. 

6.4.2  Data  Analysis 


A  stress  rupture  plot  comparing  Task  IV  and  Task  V  data  is  presented  in 
Figure  73;  the  plot  shows  that  four  of  the  five  Task  V  specimens  exhibited 
improved  strength  relative  to  IN  100-Waspaloy  specimens  tested  in  Task  IV. 
The  Task  V  specimens  yielded  greater  data  scatter  that  was  attributed  to 
the  difficulty  in  obtaining  a  satisfactory  braze.  Nonuniformity  in  the 
braze  strength  among  the  four  mating  surfaces  caused  premature  failure  of 
some  specimens.  This  dissimilarity  in  braze  strength  was  attributed  to 
the  combined  effect  of  excessive  thickness  of  braze  material,  variation  of 
braze  coverage,  and  incomplete  diffusion  of  boron  and  silicon  from  the 
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braze  material.  The  thicker  braze  between  the  mating  surfaces  resulted 
from  a  deflection  of  the  fingers  that  occurred  during  the  brazing  cycle. 

The  specimens  apparently  heated  faster  than  the  brazing  fixture,  and  the 
differential  thermal  growth  forced  the  tips  of  the  fingers  to  engage  the 
adjacent  radius  and  deflect  away  from  the  mating  surface. 

Four  of  the  Task  V  specimens  achieved  a  70  to  1000%  increased  life  rela¬ 
tive  to  the  failure  line  established  by  the  Task  IV  specimens.  The  remaining 
specimen  (No.  5)  experienced  a  42%  decrease  in  life.  Visual  inspection 
of  the  failure  of  the  latter  specimen  indicated  a  severe  lack  of  braze 
coverage  (less  than  30%)  on  one  finger  that  was  not  detected  by  the  pretest 
X-ray  inspection.  Therefore,  this  point  received  little  weight  in  estab¬ 
lishing  the  Task  V  failure  line.  The  point  from  this  specimen  was  plotted 
as  the  small  square  in  Figure  73.  The  Task  V  failure  line  was  drawn  paral¬ 
lel  to  the  previously  established  slope  of  the  Task  IV  failure  line  because 
the  stress  rupture  curves  of  Astroloy  and  Waspaloy  are  similar,  and  the 
Task  IV  data  contained  less  scatter. 

In  Figure  74,  the  Task  V  failure  line  for  the  IN  100-Astroloy  was  correlated 
with  the  design  stress  rupture  life  of  directionally  solidified  SM  200 
(PWA  664),  as  the  blade  material,  and  Astroloy  (PWA  1013),  as  the  disk 
material,  by  the  method  previously  applied  in  Task  IV.  That  is,  the  per¬ 
centage  increase  or  decrease  in  stress  rupture  strength  that  would  be  ex¬ 
perienced  with  the  respective  material  at  its  operating  temperature  was 
applied  to  the  Task  V  failure  line.  At  1000  hours  of  life,  the  direction- 
ally  solidified  SM  200  blades  should  have  a  load-carrying  capability  in 
excess  of  the  OD  design  load  plotted  on  the  right  of  Figure  74;  similarly, 
the  Astroloy  disk  load-carrying  capability  should  exceed  the  ID  design 
load.  Thus,  the  correlation  indicated  that  the  design  life  of  1000  hours 
could  be  fulfilled  by  using  these  materials  in  the  brazed  attachment. 

6.4.3  Metallurgical  Evaluation 


A  metallurgical  examination  of  the  test  specimens  was  conducted  to  deter¬ 
mine  the  mode  of  failure.  The  specimens  were  sectioned  and  subjected  to 
optical  and  electron  microscopic  examination.  Examination  of  photomicro¬ 
graphs  of  the  failures  indicated  the  presence  of  a  grain  boundary  film 
within  the  Astroloy  material.  The  film  was  primarily  composed  of  grain 
boundary  carbides  that  formed  a  network  which  promoted  embrittlement,  thus 
reducing  ductility  and  shortening  the  stress  rupture  life  of  the  Astroloy. 
However,  the  test  results  indicated  that  the  stress  rupture  properties  of 
the  Astroloy  were  not  substantially  reduced  by  the  carbide  film.  The  load¬ 
carrying  capabilities  of  both  the  IN  100  and  Astroloy  fingers  were  essen¬ 
tially  equal  at  the  1400‘’F  test  temperature  when  both  materials  met  speci¬ 
fication  properties.  The  specimens  contained  failures  by  intergranular 
cracking  in  both  parent  materials.  All  of  the  parent  material  failures 
would  most  likely  have  occurred  in  the  Astroloy  if  it  had  been  signifi¬ 
cantly  affected  by  the  carbide  film  in  the  grain  boundaries. 

The  sequence  of  the  failures  could  not  be  determined  from  the  metallurgi¬ 
cal  examination  of  the  specimens;  however,  the  structural  analysis  of  the 
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failed  specimens  appears  to  be  valid.  The  analysis  indicated  that  the 
fracture  originated  as  a  result  of  braze  failure  on  certain  fingers  and 
the  load  was  shifted  to  the  remaining  fingers,  which  were  subsequently 
overstressed  to  failure. 

6.4.4  Braze  and  Heat  Treatment  Study 


Tlie  nonuniformity  in  braze  strength  of  these  specimens  relative  to  the 
Task  IV  specimens  raised  questions  concerning  the  reduced  diffusion  cycle 
time  (72  to  12  hours)  and  the  effectiveness  of  the  nickel  plate  in  pre¬ 
venting  titanium  and  aluminum  oxide  formation  on  the  brazing  surface. 
Therefore,  additional  braze  samples  were  fabricated  for  metallurgical 
examination  to  evaluate  the  plating  method  and  diffusion  cycle.  Braze 
samples  with  two  types  of  nickel  plating  ^electroless  and  electrolytic 
0.001  in.  thick)  were  prepared  to  determine  if  Astroloy  was  affected  by 
the  plating  method.  Following  vacuum  brazing,  specimens  with  both  types 
of  nickel  plating  were  subjected  to  the  two  different  diffusion  heat  treat¬ 
ments.  The  planned  72— hour  cycle  was  terminated  after  60  hours  following 
a  burn-out  of  the  furnace  heater.  Optical  and  electron  microscopic  exami¬ 
nation  showed  that  the  60-hour  diffusion  cycle  caused  the  original  braze 
material  to  diffuse  into  the  base  metals,  eliminating  the  braze  Interface, 
as  intended,  and  producing  a  nickel-rich  layer  with  no  secondary  phases 
between  the  IN  100  and  Astroloy.  The  12— hour  diffusion  cycle  produced  a 
similar  structure  of  agglomerate  nickel  In  the  braze  fillet,  but  It  did 
not  completely  remove  the  original  braze  Interface  between  the  two  parent 
materials.  The  program  scope  did  not  permit  additional  trials  with  inter¬ 
mediate  diffusion  cycle  times.  Therefore,  the  72-hour  cycle  was  considered 
to  be  necessary.  No  discernible  metallurgical  difference  was  detected  be¬ 
tween  specimens  that  contained  electrolytic  and  electroless  nickel  plate. 

As  a  result,  the  final  Task  V  fabrication  procedure  Included  0.001  in. 
electroless  nickel  plating  and  a  72-hour  diffusion  heat  treatment  following 
the  vacuum  braze  cycle. 

6.5  BIAXIAL  PROOF  EVALUATION 


Biaxial  specimens  were  used  for  the  final  proof  test  of  the  brazed  attach¬ 
ment  to  evaluate  the  combined  effect  of  cyclic  radial  and  tangential  loads 
on  the  life  of  the  attachment.  The  stress  condition  of  the  attachment  in 
the  engine  environment  was  established  by  the  centrifugal  load  and  the 
thermal  gradient  through  the  attachment.  The  centrifugal  load  produces 
a  radial  tensile  stress  and  a  resulting  tangential  (hoop)  stress  that  is 
normally  tensile.  However,  in  the  brazed  attachment,  the  disk  live  rim 
extended  into  the  circumferential  fingers,  and  the  thermal  gradient  pro¬ 
duced  a  compressive  stress,  which  was  higher  at  the  OD  than  the  ID. 
Superposition  of  the  hoop  stress  on  the  thermal  stress  created  a  tangential 
stress  variation  with  radius  as  shown  in  Figure  75.  The  tangential  stress, 
whicli  was  a  maximum  at  the  OD  rim  (87,400  psi  compressive),  rapidly 
decreased  to  zero,  reversed  sign,  and  remained  tensile  as  the  bore  of  the 
disk  was  approached.  After  engine  shutdown,  the  residual  tangential 
stresses  at  the  rim  were  tensile  (25,700  psl  at  the  OD) ,  while  the  stress 
in  the  interior  of  the  disk  was  compressive.  The  radial  load  would  vary 
from  blade  centrifugal  pull  during  engine  operation  to  zero  at  shutdown. 
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The  uniaxial  brazed  specimen  data  represent  the  durability  that  could  be 
achieved  with  a  discontinuous  rim  with  slots  between  blades.  These  slots 
would  require  a  separate  seal,  possibly  a  ductile  material  brazed  over  the 
opening.  A  continuous  disk  rim  would  provide  a  simpler  integral  air  seal 
with  lower  attachment  weight  and  improved  access  for  inspection.  Although 
the  tangential  stresses  calculated  at  the  continuous  live  rim  were  quite 
severe  and  created  high  effective  stresses  (radial  plus  tangential),  there 
were  insufficient  data  available  for  an  accurate  analysis.  The  space  be¬ 
tween  blade  fingers  forms  an  unknown  notch  effect  that  would  he  a  function 
of  the  braze  coverage  and  fillet  geometry.  Also,  the  maximum  and  mean 
stress  (during  an  engine  cycle)  were  compressive,  and  Astroloy  stress  rup¬ 
ture  data  were  available  only  for  tensile  stresses.  Tlierefore,  to  tost 
the  feasibility  of  the  continuous  rim  configuration,  this  feature  was  re¬ 
tained  in  the  biaxial  specimen  design. 

6.6  BIAXIAL  SPECIMEN  DESIGN 


Since  the  biaxial  specimens  were  to  be  tested  under  Isothermal  conditions, 
it  was  necessary  to  define  an  isothermal  stress  distribution  equivalent  to 
the  engine  condition.  As  shown  in  Figure  75,  the  equivalent  compressive 
rated  cruise  stress  (9A,000  psi)  -at  the  attachment  OD  was  higher  than  the 
engine  stress  (87,400  psi)  because  the  test  temperature  (lAOO^F)  was  below 
that  in  the  engine  (1500°F).  Similarly,  the  equivalent  OD  residual  stress 
(20,700  psi)  was  lower  than  the  engine  stress  (25,700  psi)  because  the  test 
temperature  exceeded  that  in  the  engine  (70‘’F).  The  ID  equivalent  cruise 
and  residual  stresses  were  also  obtained  by  considering  the  disparity  be¬ 
tween  the  test  and  engine  temperatures.  In  the  absence  of  centrifugal  or 
thermal  loading  effects,  the  static,  isothermal  test  specimen  could  only 
be  subjected  to  a  linear  stress  distribution  (lines  A  and  B  in  Figure  75). 
Therefore,  the  biaxial  specimen  was  designed  to  duplicate  the  critical 
maximum  stress  at  the  attachment  OD  (highest  stress-temperature  combina¬ 
tion,  point  C) ,  and  to  produce  a  tangential  stress  gradient  that  simulated 
the  stress  reversal  to  tension  outside  of  the  attachment  ID  (point  D) . 
Simulating  the  tangential  stress  reversal  was  desirable  to  evaluate  crack 
propagation  in  the  event  a  crack  were  to  occur  in  the  disk  finger.  It  was 
anticipated  that  for  a  crack  initiating  at  the  attachment  OD  (maximum 
stress  region),  radial  propagation  inward  would  terminate  in  the  region  of 
low  tangential  stress  near  the  neutral  axis. 

The  basic  design  of  the  biaxial  test  specimen  is  shown  in  Figure  76.  Three 
simulated  attachments  were  joined  to  a  disk  specimen  model  to  produce  a 
final  test  article.  The  two  side  attachments  ("slaves")  served  to  create 
the  correct  stress  distribution  in  the  tangential  direction  for  the  center 
test  attachment.  The  Initial  joint  configuration  of  the  three  attachments 
conformed  identically  to  that  evaluated  in  the  Task  V  uniaxial  tests. 
However,  an  error  in  the  biaxial  design  required  modification  of  the  speci¬ 
men  to  achieve  the  correct  stress  distribution  within  the  test  zone  (see 
Figure  77)  and  to  avoid  overstressed  areas  outside  the  test  zone.  The 
platform  weights  had  been  neglected  during  the  calculation  of  the  applied 
radial  load  to  each  blade  specimen.  The  revised  radial  load  to  the  entire 
specimen  (three  blades)  was  12,735  lb  as  opposed  to  the  6,180— lb  original 
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design  load.  Since  specimen  and  load  linkage  fabrication  had  already  been 
i_i^tciated,  the  most  expedient  modifications  to  the  specimen  design  to 
achieve  the  correct  attachment  stress  levels  were  (1)  removal  of  the  center 
two  fingers  from  each  of  the  simulated  blade  specimens,  (2)  brazing  of 
additional  supports  to  the  simulated  disk  specimen,  and  (3)  relocation  of 
the  disk  specimen  load  application  point. 

Removal  of  the  center  two  fingers  from  the  blade  specimen  retained  the 
validity  of  biaxial  testing  since  the  two  remaining  fingers  still  experi¬ 
enced  biaxial  stresses  as  generated  in  an  engine  environment.  To  provide 
lateral  support  and  eliminate  buckling  of  these  sections,  a  plug  was  de¬ 
signed  to  fit  into  the  slot  formed  by  the  two  unbrazed  middle  fingers  of 
the  disk  specimen.  Tlie  plug  (Figure  78)  was  slotted  to  maintain  the  sec¬ 
tion  modulus  at  the  critical  test  zone  areas  (see  Figure  79).  Small 
wedges  were  used  to  provide  lateral  stiffening  to  the  outer  fingers  of 
the  disk  and  to  remove  the  notch  effect  at  the  outer  edges  of  the  slave 
blades.  The  point  of  load  application  to  the  disk  specimen  was  altered  to 
apply  the  correct  radial  and  tangential  loads  to  the  disk  specimen  with  the 
single  ram  loading  arrangement  illustrated  in  Figure  80. 

All  tliree  specimen  modifications  were  required  to  reduce  the  applied  load 
hy  50  and  eliminate  the  overstressed  condition  in  the  load  linkage. 

Tlie  small  size  of  the  prototype  attachment  specimen  required  a  relatively 
small  and  complex  loading  fixture  to  uniformly  distribute  the  radial  load 
to  the  three  blade  attachments.  Tliis  was  accomplished  by  the  linkage 
a r r.u'igemen  t  shown  in  Figure  81.  Waspaloy  was  selected  as  the  fixture 
material  to  provide  reasonable  fixture  life  with  a  compact  linkage  arrange¬ 
ment.  The  fixture  design  stress  level  was  set  at  25,000  psl  to  produce  a 
stress  rupture  life  at  lAOO^’F,  well  in  excess  of  the  cumulative  life  of 
the  five  test  specimens. 

Hie  brazing  fixture  was  designed  to  support  each  biaxial  specimen  assembly 
individually  during  the  brazing  operation  (see  Figure  82).  The  design 
incorporated  alignment  pins,  precisely  located  for  proper  installation  of 
the  mating  parts.  The  fixture  material  (Inconel  600)  and  thickness  were 
selected  to  minimize  the  steady-state  and  transient  differential  thermal 
expansion  between  the  specimen  and  the  fixture. 

6.7  BIAXiAL  SPECIMEN  FABRICATION 

11.7.1  Machining 

Klectrical  discharge  machining  (EDM)  was  initially  used  to  form  the 
fingers  on  both  the  simulated  blades  (IN  100)  and  simulated  disk  (Astroloy) 
pieces.  The  mating  surfaces  were  ground  to  the  final  dimensions;  however, 
a  rougli  EDM  surface  was  left  on  the  nonmating  side  of  each  finger  (see 
Figures  83  and  84).  Metallurgical  examination  Indicated  (see  Figure  85) 
that  tlie  depth  of  the  affected  material  was  between  1.0  and  1.5  mils  on 
tlie  Astrolov,  thus  reducing  the  available  load  supporting  area.  Visual 
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inspection  indicated  similar  penetration  of  the  IN  100  pieces.  The 
specimen  load  was  adjusted  to  reflect  the  reduction  in  load  carrying 
area  resulting  from  the  EDM  surface  conditions.  Removal  of  the 
center  fingers  of  the  blade  specimens  as  a  result  of  redesign  was  accom- 
plished  by  precision  grinding  at  a  slow  rate  to  avoid  distortion  in  the  part. 

Tlie  specimens  were  serialized,  arranged  togetlior  in  matched  sets  (see 
Figure  86),  and  dimensionally  inspected.  Tlie  c  learance  between  mating 
surfaces  was  measured  to  be  between  0.5  and  2.0  mils.  The  recommended 
clearance  to  allow  plating  both  surfaces  and  flowing  of  the  braze  material 
was  3  mils;  however,  insufficient  material  remained  to  machine  the  fingers 
to  the  proper  clearance.  Therefore,  tlie  specimens  were  mechanically  ad¬ 
justed  by  cold-working  the  fingers  of  both  tlie  IN  100  and  Astroloy  pieces 
to  develop  the  recommended  clearance.  Limited  cold-working  of  both  mate¬ 
rials  could  be  performed  without  detrimental  effects  on  the  material 
properties , 

6.7.2  Brazing 

Dimensional  inspection  following  cold-working  of  the  specimen  fingers  in¬ 
dicated  that  a  0,003-  to  0,005-in.  clearance  existed  between  mating  surfaces 
prior  to  depositing  a  0.001  in.  nickel  plate  over  the  mating  surfaces  of 
the  fingers.  The  center  plug  (Astroloy)  was  also  electroless  nickel 
plated;  the  wedges  (Inconel  600)  did  not  require  plating  since  the  material 
constituents  did  not  restrict  wetting  of  the  braze.  The  disk  specimen  and 
supports  are  shown  before  and  after  brazing  in  Figures  87  and  88,  respec¬ 
tively.  AMS  4779  filler  material  was  used  to  braze  the  supports  to  the 
disk  specimen.  The  braze  operation  was  conducted  in  a  vacuum  of  less  than 
2  microns  of  Hg  at  2050®F  for  15  minutes. 

Postbraze  visual  Inspection  indicated  that  the  simulated  disk  specimen 
fingers  experienced  some  stress  relief  due  to  prior  cold-working  to  align 
the  mating  fingers  (see  Figure  88).  Readjustment  of  these  fingers  was  re¬ 
quired  before  brazing  on  the  simulated  blades.  In  addition,  all  disk 
specimens  experienced  some  distortion  so  that  the  distance  between  the 
bottom  pair  of  holes  ("A"  in  Figure  79)  decreased  0.004  to  0,025  in. 

The  specimens  were  realigned  prior  to  brazing  on  the  blade  specimens. 
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Tlie  Live  hiaxlnl  test  specimens  were  prepared  for  the  final  braze  cycle 
by  plating  the  simulated  blades  (IN  100)  with  0,0005-  to  0,001-in.  nickel 
deposited  by  tlie  electroless  process.  The  simulated  disk  specimens 
(Astroloy)  were  replated  with  an  additional  0.005  In.  of  electroless  nickel 
to  assure  good  wetting  of  the  braze,  since  the  initial  plating  had  been 
cycled  througli  the  vacuum  furnace  during  the  specimen  modification.  The 
specimens  were  cleaned  with  acetone  and  assembled  on  fixtures  (Figure  89), 
Braze  material  (AMS  4779)  was  applied  to  the  outside  edge  of  each  finger 
(but  not  within  the  6  to  10  mil  space  between  the  test  blade  and  the 
slave  blade  fingers)  by  means  of  a  hypodermic  syringe. 

The  specimens  were  brazed  in  a  vacuum  of  less  than  2  microns  of  Hg  at  a 
temperature  of  2040‘’F.  No  remelt  of  the  braze  previously  performed  to 
install  tlie  sup|iorts  for  specimen  modification  was  observed.  Postbraze 
visual  inspection  indicated  tliat  tlie  new  braze  material  had  been  drawn 
into  tlie  areas  between  the  IN  100  and  Astroloy  by  capillary  action, 
leaving  no  apparent  voids.  Good  flow  of  the  braze  material  was  indicated 
by  the  presence  of  braze  along  the  entire  length  of  the  slots  between 
slave  and  test  blade  fingers. 

6.7.3  Heat  Treatment 

I’ostbraze  heat  treatment  of  the  biaxial  specimens  included  the  following 
s  tops : 

1 .  Diffusion 

a.  1800 ®F  -  1  hr 

b.  1900 ^F  -  3  hr 

c.  1975°F  -  68  hr 

cl.  Cool  at  40'’F/min  to  lOOO^F  or  below 

2.  Stabilization 

a.  1600 ^F  -  8  hr 

b.  Cool  to  500‘’F 

c.  1800 ^F  -  4  hr 

d.  Fast  air  cool 

3.  Precipitation 

a.  1200^F  -  24  hr 

b.  1400‘'f  -  8  hr 
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All  of  steps  1  and  2  (except  where  noted)  were  performad  in  a  hydrogen 
atmosphere,  while  step  3  was  entirely  in  air.  Step  1  was  designed  to 
raise  the  remelt  temperature  of  the  braze  by  diffusinj;  out  the  boron 
and  silicon  and  to  remove  the  braze  joint  interface  by  diffusing  the 
nickel  base  braze  material  into  the  two  parent  materials  (Astroloy  and 
IN  100),  producing  a  homogeneous  microstructure.  Step?  2  and  3  were 
designed  to  restrengthen  the  Astroloy. 

6.7.4  Nondestructive  Inspection 

Visual  inspection  of  the  biaxial  specimens  follovang  completion  of  the 
heat  treatment  cycle  indicated  the  possible  presence  of  certain  void 
areas  between  the  Astroloy  and  IN  100.  An  attempt  was  made  to  accurately 
define  and  record  the  imperfections  of  each  specimen.  Detailed  photo¬ 
graphs  of  the  test  zones  of  each  were  taken  and  are  presented  in  Fig¬ 
ure  90.  Several  specimens  had  the  appearance  of  hairline  crack  forma¬ 
tions,  both  in  the  IN  100  parent  metal  and  in  the  braze  material  around 
the  edges  of  the  fingers.  Zyglo  inspection  of  the  attachment  fingers 
proved  these  formations  to  be  superficial  and  were  apparently  the  re¬ 
sult  of  the  melting  point  depressors  (boron  and  silicon)  present  in  the 
braze  material.  This  effect  is  metallurgically  referred  to  as  "rivering", 
and  is  frequently  observed  in  brazing.  Radiographic  examination  of  the 
biaxial  specimen  verified  that  the  apparent  hairline  cracks  were  super¬ 
ficial,  corroborating  the  results  of  the  Zyglo  inspection.  The  radio- 
graphic  examination  provided  no  conclusive  information  concerning  the 
extent  of  braze  coverage  due  to  the  specimen  geometric  restriction 
that  prevented  in-plane  viewing  of  the  braze  junction. 

The  evaluation  of  braxe  imperfections  by  nondestructive  inspection 
included  an  experimental  thermal  test  using  "temperature  indicating 
liquid  crystals".  The  liquid  crystals  are  derivatives  of  cholesterol 
and  exhibit  the  optical  properties  of  a  crystal  by  scattering  light 
selectively  (i.e.,  white  light  is  reflected  as  colored  light).  A  change 
in  temperature  causes  a  shift  in  molecular  structure  so  that  a  different 
color  is  reflected.  For  this  test,  a  liquid  crystal  was  selected  with 
sufficient  sensitivity  to  display  the  entire  visible  spectrum  from  red 
to  violet,  with  a  4'’F  temperature  change.  The  specimens  v^;ere  prepared 
for  examination  by  spraying  the  liquid  crystal  film  over  the  specimen 
attachment  zone.  The  inspection  technique  was  based  on  tlie  theory  that 
a  homogeneous  braze  joint  would  readily  and  uniformly  conduct  heat  from 
one  material  into  the  other.  Thus,  when  a  cooled  specimen  was  heated 
from  one  side,  the  surface  adjacent  to  a  homogeneous  braze  would  have 
a  slower  and  more  uniform  thermal  response  than  a  surface  adjacent  to 
a  void  in  the  braze.  The  specimens  were  cooled  on  one  side  by  a  water  bath 
and  heated  on  the  opposite  side  witli  two  photoflood  lamps  focused  on  the 
test  zone.  Areas  that  exhibited  a  rapid  color  transient  represented  low 
conductivity  and  were  classified  as  voids  and  recorded  by  color  pliotog- 
raphy.  Precise  measurement  of  void  size  and  shape  was  not  possible. 
However,  qualitative  judgment  was  used  to  estimate  the  extent  of 
braze  voids.  If  the  entire  test  zone  heated  uniformly,  it  displayed 
a  uniform  color  that  was  interpreted  as  indicating  a  continuous  braze 
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coverage.  Figure  91  shows  the  typical  color  pattern  obtained  from 
specimens  that  indicate  good  braze  coverage. 

Two  specimens  were  found  to  contain  voids  in  the  braze.  Specimen  SN  216 
contained  a  void  as  shown  in  Figure  92.  Specimen  SN  219  contained  a 
larger  void  and  is  discussed  later.  The  voids  exhibited  by  the  "tempera¬ 
ture  indicating  liquid  crystals"  were  corroborated  by  visual  inspection 
of  the  parts;  however,  the  minimum  void  size  that  could  be  detected  by 
tills  technique  was  not  determined.  The  test  indicated  that  three  of 
tlie  five  biaxial  test  specimens  (215,  217,  and  218)  were  well  brazed 
and  that  specimen  SN  216  was  marginal  with  respect  to  meeting  the  design 
criterion  of  50%  coverage.  Specimen  SN  219  (shown  in  Figure  93)  appeared 
to  have  less  than  the  required  braze  coverage  (estimated  75%  unbrazed  on 
one  finger).  It  was  anticipated  that  this  incomplete  braze  joint  would 
fail  in  shear  and  result  in  premature  failure  of  the  remaining  finger. 

Mechanical  impedance  tests  of  the  brazed  blade  fingers  were  conducted 
on  two  specimens  to  determine  if  this  inspection  method  could  be  used 
to  define  the  extent  of  braze  coverage  by  determining  spring  rate  and 
harmonic  frequency.  High  spring  rate  and  high  frequency  would  correspond 
to  high  stiffness  and  good  braze  coverage,  while  low  spring  rate  and  low 
frequency  would  indicate  low  stiffness  due  to  voids  in  the  braze  joint. 

The  results  of  the  mechanical  impedance  tests  are  presented  in 
Table  XXIII.  Only  one  side  of  each  specimen  was  studied  because  of 
limited  time.  Both  the  resonant  frequency  and  spring  rate  of  one  finger 
of  specimen  (SN  219)  show  a  marked  reduction  relative  to  the  remaining 
fingers,  corroborating  the  liquid  crystal  tests.  One  finger  of  specimen 
SN  217  indicated  a  shift  in  the  high  resonant  frequency  that  did  not  corre¬ 
spond  to  liquid  crystal  tests.  Specimen  SN  217  was  damaged  as  it  was 
removed  from  the  impedance  test  fixture.  An  attempt  was  made  to  repair 
the  specimen  by  machining  a  0.040-in, -diameter  hole  in  the  Astroloy  to 
delay  crack  propagation.  The  part  was  also  strained  back  toward  origi¬ 
nal  alignment,  but  the  entire  deformation  could  not  be  removed.  However, 
the  specimen  was  included  in  the  test  program  to  provide  additional  data. 

Preliminary  laser  holographic  inspection  of  the  biaxial  specimen  indicated 
that  good  fringe  patterns  could  be  obtained  and  recorded  by  double  exposure 
interferometric  holograms,  with  the  specimen  excited  from  either  a  heat 
source  or  a  vibrational  loading.  However,  no  significant  correlation  could 
be  detected  between  the  quality  of  the  braze  joint  (based  on  the  other  NDT 
results)  and  the  recorded  fringe  patterns.  The  development  of  the  holo¬ 
graphic  Inspection  technique  was  beyond  the  scope  of  this  program.  Addi¬ 
tional  trials  on  joints  of  known  quality  would  be  required  to  establish  the 
feasibility  of  using  holography. 
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TABLE  XXIII.  MECHANiaL  IMPEDANCE  DATA 


Resonant 

Low 

Frequency  (Hz) 
High 

Spring  Rate 
(Ib/in.) 

Slave 

1393 

2400 

65,000 

SN  217 

Test 

1386 

3098 

65,000 

Slave 

1395 

3101 

65,000 

Slave 

1425 

3162 

65,000 

SN  219 

Test 

1415 

3135 

70,000 

Slave 

1118 

1425 

30,000 

6.8  BIAXIAL  TESTS  AND  RESULTS 
6.8.1  Test  Rig 


The  test  rig  consisted  of  a  single-ram  loading  arrangement  as  previously 
depicted  in  Figure  80.  The  vertical  (radial)  and  horizontal  (tangential) 
components  of  this  load  were  applied  to  the  disk  specimen  by  accurate 
control  of  the  angle  of  the  load  linkage.  The  ram  was  actuated  hydrauli¬ 
cally  and  controlled  by  a  meter  relay  receiving  the  load  cell  output  (see 
Figure  94).  Dwell  time  at  the  maximum  load  was  controlled,  and  the  number 
of  load  cycles  was  recorded  automatically.  A  pressure-sensing  limit  switch 
was  used  in  the  system  to  prevent  overloading  of  the  test  part,  and 
the  rig  was  designed  to  automatically  shut  down  after  failure  of  the  speci¬ 
men.  Heat  was  supplied  to  the  specimen  through  a  small  resistance  oven 
fabricated  to  fit  over  the  test  zone.  Fibrefrax  insulation  was  required 
to  maintain  1400°F  test  temperature  (Figure  95). 


6.8.2  Test  Cycle 


During  one-half  of  each  load  cy^cle,  engine  cruise  stresses  were  simulated 
by  application  of  the  ram  load '^to  the  specimen.  The  calculated  stress 
level  at  the  simulated  disk  live  rim  was  94,000  psi  compression  within 
the  sections  between  the  test  and  slave  blades.  The  remainder  of  the 
cycle  represented  the  residual  stress  in  the  disk  after  engine  shutdown 
and  was  calculated  to  be  20,700  psi  tension  at  the  simulated  live  rim 
between  blades.  This  stress  was  generated  by  a  vertical  dead  load  acting 
on  the  specimen  for  the  load  cycle  indicated  in  Figure  96. 


The  test  cycles  were  chosen  to  define  the  cyclic  life  characteristics  of 
the  brazed  attachment  design,  which  depend  on  cumulative  (creep)  damage 
resulting  from  a  combination  of  cyclic  and  steady-state  loads.  Defini¬ 
tion  of  the  entire  relation  between  the  extremes  of  pure  cycling  and 
steady-state  failure  was  beyond  the  scope  of  this  program  because  of  tlie 
large  number  of  specimens  and  long  test  times  required.  However,  tests 
over  a  short  range  of  cycle  times  near  the  pure  cyclic  strain  end  of  the 
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curve  would  define  the  de|Kirturc  from  a  linear  cumulative  (lama^c  law  in 
ihlu  rev;Lon;  tlierefore,  cycles  wicli  zero,  one  minute,  and  three  minute 

il w  ell  Vs'e  r  e  s  e  1  e  c  t  e  il , 


6.8.3  Test  I'rocedurc  and  Results 

I'rc  1  Imlnn ry  cliecl<-out  of  the  test  rig,  heating  oven,  and  aaaoclated  equip¬ 
ment  was  performed  with  a  "dummy**  specimen  Installed  in  the  load  fixture* 

Strain  gage  data  of  the  first  test  specimen  (No.  215)  were  taken  from 
ambient  temperature  tests  at  20,  40,  and  807.  of  design  load.  Ttie  Instru¬ 
mentation  Is  shown  In  Figure  97,  and  the  specimen  Is  shown  Installed  In 
tlic  test  frame  In  Figure  98.  Kadlal  stress  levels  varied  between  tlie 
front  and  back  fingers  of  each  simulated  blade,  which  Indicated  that  the 
fingers  were  experiencing  an  additional  bending  load  due  to  small  radial 
misalignment  of  the  blades.  This  misalignment  resulted  In  a  correspond¬ 
ing  distortion  In  the  Astroloy  disk  that  was  Indicated  by  a  variation  In 
the  tangential  stress  distribution  from  blade  to  blade.  Increasing  the 
applied  load  did  not  produce  a  linear  Increase  In  stresses,  denoting  a 
redistribution  of  load  as  the  specimen  was  strained  Into  alignment.  Two 
additional  specimens  (SN  218  and  216),  Instrumented  with  a  minimum  number 
of  strain  gages,  also  exhibited  a  similar  strain  pattern  vrlien  subjected 
to  ambient  temperature  loads.  Analysis  of  the  strain  gage  data  gave 
qualitative  agreement  with  theoretical  calculations;  however,  actual 
values  ranged  from  237  above  to  ns  much  as  507.  less  than  predicted.  Tills 
was  generally  attributed  to  misalignment  in  Che  braxed  Junction  and  was 
considered  indicative  of  the  fabrication  difficulties  associated  with  this 
design.  For  this  reason,  no  further  strain  gage  measurements  were  taken, 
and  tlic  test  rig  was  calibrated  to  apply  the  theoretical  radial  and  tan¬ 
gential  loads  to  the  specimen. 

The  first  specimen  (2151  was  prepared  for  cyclic  testing  by  removing  the 
strain  gages  and  tack  welding  thermocouples  to  the  IN  100  fingers  for 
measuring  specimen  temperature.  The  test  was  Initiated  by  heating  the 
specimen  gradually  to  1400®F  prior  to  applying  the  cyclic  load.  The 
specimen  was  cyclically  loaded  at  a  rate  of  2.5  cycles  per  minute  with 
zero  dwell  time  for  4700  cycles.  Catastrophic  failure  hod  not  occurred; 
liowever,  cracks  were  found  In  the  region  between  the  test  and  slave 
blades  leading  from  the  disk  OD  toward  the  disk  center  Into  the  live 
rim  on  botli  sides  of  the  specimen  (see  Figure  99).  Complete  failure  of 
the  specimen  (Figure  100)  occurred  after  an  additional  54  cycles. 

Tlic  second  specimen  (218)  was  similarly  prepared  and  tested  with  a  load 
cycle  that  Included  three  minutes  dwell  at  the  high  load  level  to  evalu¬ 
ate  the  effect  of  cumulative  damage.  Visual  and  7.yglo  Inspection  after 
2192  cycles  revealed  no  surface  cracks;  however,  radiographic  Inspection 
indicated  Internal  cracks  In  the  disk  OD  fingers  radiating  toward  the 
live  rim  similar  to  tlic  first  test  specimen.  The  specimen  completed  413 
additional  cycles  prior  to  total  failure  (Figure  lOl) . 
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Specimen  (SN  216)  was  cyclically  tested  with  one  minute  dwell  time  for 
30  cycles  prior  to  complete  failure  (see  Figure  102).  Shearing  of  one 
braze  joint  promoted  failure  (primarily  IN  100)  by  overloading  the  re¬ 
maining  joints.  Visual  inspection  indicated  a  lack  of  braze  coverage 
(<50%)  over  the  sheared  joint.  This  area  was  not  detected  by  nonde¬ 
structive  inspection.  The  area  that  was  detected  by  NDT  did  not  fail 
in  shear. 

The  fourth  specimen  (SN  219)  contained  the  large  void  apparent  from 
visual  and  nondestructive  inspection  and  failed  at  80%  of  the  initial 
load  (Figure  103).  The  entire  front  side  of  the  specimen  had  less  than 
50%  braze  coverage;  however,  only  one  finger  had  been  detected  as  con¬ 
taining  a  void  by  nondestructive  inspection. 

The  last  specimen  (SN  217)  had  been  previously  distorted.  It  sustained 
319  cycles  with  zero  dwell  time  prior  to  failure  of  the  IN  100  blade 
fingers.  No  braze  failures  occurred  (see  Figure  104). 


The  biaxial  test  data  are  presented  in  Table  XXIV. 


TABLE  XXIV.  TASK  V  BIAXIAL  TEST 

DATA* 

Specimen 

No. 

Test  Cycle 

Accumulated 

Cycles  to  Creep 

Failure  (hr) 

Location  of 
Initial  Failure 

215 

Pure 

Fatigue 

4754  <  10 

Astroloy 

216** 

Fatigue  + 

1  min  Dwell 

30  <1 

Braze 

17*** 

Pure 

Fatigue 

319  <  1 

INIOO 

218 

Fatigue  + 

3  min  Dwell 

2605  <  134 

Astroloy 

219** 

Pure 

Fatigue 

Failed  at 

80%  - 

Initial  Load 

Braze 

*A11  tests 

conducted  at 

1400 “F. 

**Braze  voids  detected  by 

pretest  nondestructive 

inspection. 

***Damaged  s 

pecimen. 

6.8.4  Metallurgical  Evaluation 

Failure  analysis  of  the  test  specimens  indicated  that  the  failure  mode 
was  primarily  stress  rupture  with  slight  evidence  of  fatigue.  These 
results  are  typical  of  elevated  temperature  low  cycle  fatigue  tests  where 
the  test  specimen  fracture  faces  rub  out  the  lines  of  fatigue. 
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MlcrnHiriicttir.ll  cxninlii.it  Ion  showed  fractures  In  both  parent  materials 
to  he  lnteri;raiui I .'ir  .ind  heavily  oxidized.  Areas  falling  In  overstress, 
whicli  nonnally  .ire  only  sllglitly  oxidized  after  elevated  temperature 
tests,  could  not  be  Identified  due  to  the  oxidation.  Precise  metallurgi¬ 
cal  definition  of  tlic  order  of  failure  was  not  always  possible,  but  by 
using  all  Information  available,  the  most  probable  sequence  of  failure 
has  been  established.  The  IN  100  fracture  faces  were  extremely  granular 
due  to  the  coarse  grains  typical  of  a  cast  material.  In  general,  the 
Astroloy  failures  were  smooth  duo  to  the  very  fine  grained  microstructure 
(ASTM  7-8).  However,  wltliln  the  thin  fingers  cf  the  Astroloy,  the  effects 
of  braze  alloying  were  found  to  have  caused  grain  growth  to  ASTM  0-1. 

This  was  believe''  to  bo  caused  by  diffusing  the  boron  and  silicon  from 
the  braze  Into  the  parent  material.  No  severe  grain  growth  was  noted 
wltliln  the  IN  100  microstructure,  but  photomicrographs  showed  grain 
boundary  deposits  (see  Figure  105).  Material  hardness  was  not  affected 
by  the  hr.ize  alloying. 

Failure  of  the  first  test  specimen  (SN  215)  originated  In  the  Astroloy 
and  was  visually  apparent  at  the  Intermediate  Inspection  prior  to  test¬ 
ing  to  failure  (as  previously  shown  In  Figure  99).  Propagation  of  the 
fatigue  crack  continued  through  ‘:he  Astroloy  and  promoted  catastrophic 
failure  of  the  specimen.  Subsequent  to  the  Astroloy  fracturing,  the 
blade  segments  were  subjected  to  a  tangential  bending  moment  that  over- 
stressed  the  attachment  fingers.  This  failure  occurred  primarily  in  the 
IN  100  fingers,  and  the  metallurgical  analysis  revealed  no  evidence  of 
secondary  cracking  (indicative  of  stress  rupture),  tending  to  verify 
this  sequence  of  failure  (see  Figure  106).  Braze  coverage  was  estimated 
at  75  to  80  . 

Cracking  of  tlie  Astroloy  fingers  also  Initiated  failure  of  the  second 
test  specimen  (SN  218);  however,  the  blade  segments  (IN  100)  failed 
prior  to  complete  Astroloy  fracture.  The  presence  of  secondary  cracking 
wltliln  the  IN  100  (Figure  107)  Indicated  a  stress  rupture  type  failure. 
Microstructural  examination  of  the  failed  attachment  area  revealed  a 
drastic  alteration  of  the  Astroloy  matrix  (Figure  108).  Grain  size 
grew  to  ASTM  0-1,  grain  boundaries  were  filled  with  microconstituents, 
and  a  nei  Jlelike  phase  appeared  in  the  matrix.  These  phenomena  were 
attributed  to  braze  alloying  as  a  result  of  diffusing  the  beron  and 
silicon  into  the  parent  material.  Astroloy  material  specifications 
normally  included  0.037.  boron,  while  the  AMS  4779  (Coast  Metals  50)  braze 
material  contained  3  of  this  element.  It  was  not  determined  whether 
this  modification  In  material  microstructure  degraded  the  material  life. 
Bra/.c  coverage  was  estimated  to  be  95  to  1007,. 

The  third  specimen  (SN  216)  tested  with  one  minute  of  creep  at  high  load 
per  cycle  failed  after  30  load  cycles.  Failure  was  due  to  a  lack  of 
br.izc  coverage  (less  than  507.)  over  one  finger  of  a  slave  blade  (pre¬ 
viously  shown  in  Figure  102).  Fracture  of  the  remaining  attachment 
fingers  occurred  immediately  thereafter  due  to  overstress.  Nondestruc¬ 
tive  inspection  teclmiques  were  unsuccessful  In  revealing  this  braze 
void.  The  void  area  that  was  detected  prior  to  testing  did  not  fail. 
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Detailed  radiographic  and  metallurgical  evaluation  of  sections  taken 
from  the  failed  specimen  revealed  65  to  70%  braze  coverage  for  the 
finger  with  the  void  area  previously  detected  by  nondestructive  inspec¬ 
tion  (Figure  109). 

Analysis  of  the  fourth  specimen  failure  (SN  219)  revealed  approximately 
30  to  357o  braze  coverage  on  the  front  side  of  the  specimen  (previously 
illustrated  in  Figure  103).  This  area  was  previously  found  to  be  de¬ 
ficient  in  braze  coverage  both  by  visual  and  nondestructive  inspection; 
the  braze  failed  in  shear  as  anticipated.  Subsequent  failure  occurred 
on  the  back  side  of  the  specimen  without  shearing  the  braze  that  exceeded 
50%  coverage. 

The  damaged  test  specimen  (SN  217)  failed  through  the  IN  100  parent 
material  (previously  illustrated  in  Figure  104).  The  fracture  face  was 
oxidized  and  granular;  microscopic  inspection  showed  the  failure  to  be 
intergranular.  No  secondary  cracking  was  apparent »  Indicating  that 
failure  was  by  overstress.  Sections  through  the  attachment  area  revealed 
95  to  100%  braze  coverage.  Apparently  the  fingers  were  overstressed  as 
the  specimen  was  strained  into  alignment  during  each  loading  cycle  due 
to  the  pretest  damage  that  promoted  excessive  deflection. 

6.8.5  Data  Analysis 

A  general  conclusion  from  the  biaxial  specimen  test  data  is  that,  with 
sound  braze  joints,  the  brazed  attachment  can  develop  reasonable  cyclic 
life.  The  limited  amount  of  data  obtained  did  not  permit  a  definition 
of  low  cycle  fatigue  and  creep  interaction  as  originally  intended.  How¬ 
ever,  the  well-brazed  fingers  performed  satisfactorily,  and  the  failures 
initiated  in  the  highly  stressed  disk  rim  between  fingers.  As  previously 
discussed  under  specimen  design,  this  rim  was  continuous  to  provide  a 
positive  seal  between  attachments. 

The  cyclic  life  developed  by  specimen  215  (4754  cycles  with  zero  dwell) 
and  specimen  218  (2605  cycles  with  3  minute  dwell)  should  represent  the 
minimum  capability  of  the  brazed  attachment  design  in  the  engine  environ¬ 
ment.  The  specimen  tests  were  actually  more  severe  than  engine  condi¬ 
tions  because  of  two  factors:  (1)  specimen  temperature  was  constant  at 
1400“F  for  the  entire  cycle,  which  would  tend  to  accumulate  more  creep 
damage  than  the  varying  temperature  engine  cycle;  and  (2)  the  specimens 
were  loaded  to  the  same  level,  each  cycle  producing  an  increase  in  tan¬ 
gential  stress  for  a  crack  propagating  from  the  disk  rim,  whereas  a 
crack  in  the  engine  disk  rim  should  have  limited  propagation.  Because 
the  cool  and  massive  portion  of  the  engine  disk  below  the  attachment 
should  exert  a  controlling  influence  on  the  stress  distribution  in  the 
attachment  region,  the  position  of  the  neutral  axis  (zero  stress)  would 
be  relatively  unaffected  by  a  crack  at  the  disk  rim.  Therefore,  a  crack 
initiated  at  the  disk  rim  should  experience  stress  relief  and  limited 
growth  in  the  radial  direction. 
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Nondestructive  inspection  using  temperature-indicating  liquid  crystals 
and  meclianical  impedance  provided  a  qualitative  indication  of  the 
braze  coverage  that  was  subsequently  verified  by  tlie  metallurgical  eval¬ 
uation  following  the  destructive  testing  of  the  specimens.  Tlie  void 
in  the  braze  of  specimen  SN  216  was  confirmed;  this  void  covered 
less  than  5U7o  of  the  braze  surface  as  anticipated  from  the  liquid  crystal 
testing.  Also,  tlie  large  void  detected  in  specimen  SN  219  covered  more 
than  50  of  the  braze  surface  as  expected.  Hov>/ever,  on  the  back  side 
of  specimen  SN  216,  one  finger  contained  an  inferior  braze  joint  that 
failed  during  cyclic  testing;  this  defect  in  the  braze  had  not  been 
detected  by  the  liquid  crystal  method. 

Tlie  general  characteristics  of  the  biaxial  specimen  failures  were 
directly  related  to  the  quality  of  the  braze  joint.  Specimens  that 
contained  good  braze  coverage  exhibited  no  tendency  to  fail  in  the  junc¬ 
tion  area.  Failure  in  these  specimens  '.’as  in  the  disk  material  and 
corresponded  to  combined  fatigue  and  stress  rupture  characteristics  of 
Astroloy.  Specimens  that  contained  less  than  507o  braze  coverage  on  any 
one  finger  exhibited  a  braze  failure  on  that  finger  that  subsequently 
overstressed  the  remaining  fingers  and  resulted  in  premature  i. allure 
of  the  complete  specimen.  This  emphasized  the  importance  of  developing 
suitable  nondestructive  inspection  techniques  for  the  brazed  joints. 

There  arc  several  areas  of  potential  improvement  in  the  brazed  specimen 
design  and  fabrication  that  should  increase  the  durability.  A  redesign 
to  a  two- finger  attachment  (rather  than  four)  would  ..ncrease  the  OD-to- 
II)  length  and  reduce  the  thermal  gradient  that  was  the  predominant  factor 
contributing  to  the  critical  disk  rim  stress.  Additional  benefits  may 
be  |iossible  through  modified  fabrication  procedures  that  would  minimize 
rough  surface  effects  (such  as  produced  by  the  EDM  process  used  to 
fo  rm  the  fingers)  and  undesirable  alloying  of  braze  constituents  (boron 
and  silicon  melting  point  depressors)  with  the  base  metals.  This  would 
retiuire  testing  additional  specimens  to  determine  the  effect  of  these 
factors  on  material  strength. 
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7.0  CONCLUSIONS 


The  objective  of  the  turbine  blade/disk  attachment  program  was  to  evaluate 
attachment  methods  suitable  for  2-  to  5-lb/sec  gas  turbine  engines.  Based 
on  a  preliminary  ranking,  six  attachment  methods  were  selected  for  analy¬ 
tical  evaluation:  (1)  Standard  Fir-Tree,  (2)  Welded,  (3)  Brazed,  (4)  Inte¬ 
gral  Cast,  (5)  Inverted  Fir-Tree,  and  (6)  Pinned.  In  subsequent  analyses 
the  first  three  attachments  were  selected  for  experimental  evaluation 
through  uniaxial  specimen  testing  to  determine  their  strength  and  vibra¬ 
tional  capabilities.  Based  on  the  results  of  uniaxial  tests,  the  brazed 
attachment  was  selected  as  the  most  suitable  blade/disk  attachment  method 
and  was  subjected  to  final  proof  testing. 

As  a  result  of  this  program  the  following  conclusions  were  reached: 

1.  The  brazed  attachment  design  combines  a  lightweight  rotor  system, 
good  potential  for  coolant  air  sealing,  and  good  resistance  to 
fatigue.  Analyses  of  uniaxial  test  results  indicated  that  this 
attachment  with  directionally  solidified  SM  200  blades  and  Astro- 
loy  disk  could  meet  study  engine  requirements  for  stress  rupture 
life.  The  biaxial  LCF  tests  indicated  that  brazed  attachments 
could  be  cycled  between  engine  maximum  rated  power  and  shutdown 
for  more  than  4000  cycles  without  failure  demonstrating  good 
cyclic  life  characteristics  under  test  conditions  more  severe 
than  the  engine  would  impose.  However,  creep  effects  on  low 
cycle  fatigue  life  could  not  be  determined  from  the  limited  data. 
Improvements  in  the  brazed  attachment  should  be  possible  through 
design  modifications  to  reduce  high  disk  rim  stresses,  fabrica¬ 
tion  techniques  that  minimize  rough  surface  effects,  and  braze/ 
heat  treatment  refinements  that  minimize  undesirable  alloying. 

Nondestructive  inspection  of  assembled  rotors  using  the  four-finger 
design  would  be  very  difficult  with  present  techniques.  However, 
the  use  of  a  two-finger  configuration  simplifies  the  attachment 
Inspection  sufficiently  that  several  NDT  methods  could  be  developed. 


2.  The  welded  attachment  provides  the  lightest  overall  rotor  sys¬ 
tem,  requiring  only  a  0.3-ln.  disk  thickness  at  the  live  rim. 
However,  this  attachment  did  not  develop  adequate  strength  due 
to  weld  cracking  and  brittle  failures  at  the  IN  100  fusion  line. 
This  attachment  technique  has  excellent  potential  for  small  en¬ 
gine  application  if  acceptable  super  alloy  weldments  and  suit¬ 
able  nondestructive  inspection  methods  can  be  developed. 

3.  The  fir-tree  is  the  only  one  of  the  mechanical  attachments 
studied  that  indicated  sufficient  joint  efficiency  to  meet  the 
study  turbine  requirements;  uniaxial  specimen  testing  revealed 
that  this  attachment  could  attain  the  study  engine  requirement 
for  stress  rupture  life  by  using  advanced  materials  (direction- 
ally  solidified  SM  200  blades  and  Astroloy  disk).  This  attachment 
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requires  critical  control  of  tooth  dimensions  to  maintain  load 
distribution,  but  inspection  is  much  simpler  than  for  either  the 
brazed  or  welded  configurations.  However,  the  fir-tree  attach¬ 
ment  requires  a  disk  and  rotor  system  that  is  four  times  as 
heavy  as  the  welded  type. 

4.  Integrally  cast  blade/disk  assemblies  suffer  from  a  compromise 
in  disk  material  properties  that  results  in  a  heavy  and  bulky 
rotor  system.  In  addition,  formation  of  the  required  airfoil 
cooling  passages  by  existing  fabrication  processes  presents  a 
formidable  problem. 

5.  Preliminary  assessment  of  tlie  blcastlng  process  indicates  that 
parent  metal  strength  can  be  obtained.  Ultimate  stress,  creep 
life,  and  elongation  exceeded  IN  100  material  specifications 

in  specimens  free  of  casting  shrinkage.  It  is  concluded,  there¬ 
fore,  that  satisfactory  bicast  attachments  can  be  fabricated  with 
proper  control  of  the  casting  parameters.  See  Appendix  II  for 
bicast  discussion. 


64 


8.0  RECOMMENDATIONS 


Tills  program  demonstrated  for  small  high  tip  speed  gas  turbines  tliat  only 
the  brazed  and  welded  attaclmients  offered  significant  weight  advantages 
relative  to  the  fir-tree  attacliment  and  that  other  conventional  mechanical 
attachments  did  not  satisfy  the  strengtii  requirements.  Tlie  application 
of  tlie  brazed  and  welded  attacliments  will  require  additional  development 
tliat  was  beyond  the  scope  of  tliis  program.  Tlie  recommendations  for  furtlier 
work  on  these  attachment  concepts  follow. 

The  brazing  process  should  be  further  refined  by  conducting  an  experimental 
investigation  witli  simple  uniaxial  specimens  to  produce  consistently  reli¬ 
able  joints  that  exceed  80'  braze  coverage.  factors  ref|uiring  furtlier 
definition  include:  (1)  braze  material,  (2)  specimen  preparation,  (3)  braze 
cycle,  (4)  postbraze  lieat  treatment,  and  (5)  effect  on  parent  material 
constituents  and  strength.  Particular  emphasis  should  be  directed  to  de¬ 
termining  tlie  factors  that  promote  the  flow  of  the  braze  material  and  im¬ 
prove  braze  coverage,  and  the  effect  on  strength  of  the  alloying  of  braze 
constituents  with  the  parent  materials.  Nondestructive  inspection  tech¬ 
niques  should  be  developed  to  provide  a  reliable  evaluation  of  brazed  rotor 
assemblies.  Techniques  which  appear  to  be  potentially  suitable  for  pre¬ 
diction  of  braze  soundness  are:  (1)  holography,  (2)  mechanical  impedance, 
(3)  temperature  indicating  liquid  crystal  film,  and  (4)  ultrasonics.  The 
results  of  the  braze  process  improvements  and  nondestructive  inspection 
development  should  subsequently  be  applied  In  a  program  for  the  design, 
fabrication,  and  hot  turbine  rig  demonstration  of  a  complete  rotor. 

In  view  of  the  welded  attachment's  attractive  light  weight  and  simplicity, 
a  weld  development  program  is  recommended  to  eliminate  weld  cracking  and 
subsequent  brittle  failures.  Suitable  blade  and  disk  materials  joined 
by  electron  beam,  inertia,  and  diffusion  welding  should  be  evaluated  with 
respect  to  the  effects  of  material  constituents,  grain  size,  and  heat 
treatment  on  joint  strengtlu  Tlie  program  should  Include  die  development 
of  a  nondestructive  inspection  technique  to  evaluate  the  quality  of  weld¬ 
ments. 

Although  the  bicast  joint  showed  potential  for  developing  parent  metal 
strength,  tlie  use  of  a  cast  disk  material  would  result  in  a  relatively 
lieavy  rotor  similar  to  the  integral  casting.  Therefore,  It  is  recommended 
tliat  "bimetal"  casting  using  a  forged  disk  material  with  the  blade  airfoils 
cast-on  be  Investigated.  Has  would  permit  selection  of  optimum  materials 
for  blades  and  disk.  Tills  effort  should  Include  selection  of  candidate 
alloys  through  simple  specimen  casting  trials  and  metallurgical  examination, 
refinement  of  casting  parameters  for  the  best  material  combination  includ¬ 
ing  strength  tests,  and  development  of  nondestructive  testing  methods  suit¬ 
able  for  this  type  of  joint. 
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Standard  Fir-Tree 


Inverted  Circumferential  Fir-Tree 


Welded  Attachment 


Brazed  Attachment 


Pinned  Attachment 


Integral  Catting 


Figure  2.  Attachment  Methods  Selected  for  Analyses. 
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Figure  5.  Turbine  Elevation 


Vane  Inlet  =  90  deg 


Vane  Inlet  =  90  deg 


b.  Tip  Section 


Figure  6.  Velocity  Triangles, 
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Figure  7.  Turbine  Blade  Root  Contour.  Figure  8.  Turbine  Blade  Tip  Contour 
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Figure  10.  Attachment  Thermal  Maps 


RATUflE  • 


Figure  13.  Ftr-Trcc  Load  Distribution. 


Figure  !'♦.  Vibration  Analysis  of  Fir-Tree  Design. 
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Shallow  angla 
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a.  Standard  Taath  b.  Modifiad  Taath 

Figure  15.  Ftr-Trec  Tootii  Design  for  Split  Disk. 


WMdad  Attachmant 


Figure  16.  Disk  and  Blade  Root  Temperature  rrofllc. 
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Figure  17.  Welded  Design. 
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ROTOR  SPEED  -  rpm  (Thousand) 


Figure  18.  Vibration  Analysis  of  Welded  Design. 


Braaad  Attactimant 


RADIAL  DISTANCE  •  in. 

Figure  19.  Disk  and  Blade  Root  Temperature  Profile. 
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Figure  20.  Brazed  Design 


Figure  21.  Vibration  Analysis  of  Brazed  Design. 


Scsia:  1.2X 

Figure  22.  Pinned  Root  Attachment. 
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Figure  23.  Dlik  and  Blade  Root  Temperature  Profile. 


Figure  24.  Photoelaatlc  Analysis  of  Fir-Tree  With 
40-Degree  Root. 
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Figure  26.  Photoelastic  Model  of  Welded  Attachment  Design. 
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All  Dimensions  Are  in 


^OT  reproducible 


a.  Linder  Simulated  Centrifugal  Load 


b.  Under  Simulated  Centrifugal  Load  and  Blade 
Thermal  Growth  (Combined  Load) 


Figure  28.  Photoelastic  Model  of  Original  Brazed  Attach¬ 
ment  Design. 
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Figure  30.  Brazed 
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Figure  31.  Fir-Tree  Lapping  Operation. 


/f 


f 


9 


> 

/ 

•) 

‘V  - 

■"  *) 


Figure  32.  Fir-Tree  Tensile  and  Stress  Rupture  Specimens. 
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Figure  33.  Fir-Tree  Fatigue  Specimens. 


Figure  34.  Electron  Beam  Welded  Bars. 


94 


95 


Figure  35.  Broized  Tensile  and  Stress  Rupture  Figure  36.  Brazed  Fatigue  Specimens 

Specimens . 


Figure  37.  Fatigue  Specimen  Braze  Fixture.  Figure  38.  Tinius  Olsen  Tensile  Testing  Equipment 


Resonating  Beam  With  Brazed 
Fatigue  Specimen 

Figure  39.  Resonating  Beam  Rig. 


Figure  40.  Arc  Weld  Manufacturing  Co.  Stress  Rupture  Machines. 
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Figure  41.  Typical  Fir-Tree  Tensile  Test  Failure.  Figure  42.  Typical  Fir-Tree  Stress  Rupture 

Failure  Prior  to  Clamp  Modification. 


Figure  43.  Typical  Fir-Tree  Stress  Rupture  Failure  After 
Clamp  Modification. 


Figure  44.  Typical  Fir-Tree  Vibratory  Test  Failure. 
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Keldcd  Attachment  Tensile  Test  Specimens. 
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Figure  47.  Welded  Attachment  Vibratory  Test  Specimens. 


Figure  48. 


Photomicrograph  of  IN  100  Cracks. 
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Figure  2,9.  Photomicrograph  of  IN  100  Figure  50.  End  View  of  Fatigue  Specimen 

Cracks.  Fracture  Face. 
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WASPALOY 


rigiire  53. 


Figure  54. 


Typical  Brazed  Vibratory  Test  Failure 


WASPALOY 


Location  of  Failure 
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Typical  Brazed  Stress  Rupture  Failure 
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Figure  55.  Fir-Tree  Design, 


Vibratory  Toit  Data  (ModifM  Goodman  Diagram) 


Figure  56.  Welded  Design. 
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7  10  100  1000 

TIME  •  hr 


Figure  58.  Stress  Rupture  Life  of  Task  IV  Attachment  Schemes. 


TIME  •  tm 


b.  WidiMsNrW 

Figure  59.  Material  Stress  Rupture  Life. 
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rii;ure  60.  Flr-Trcc  D»>3ly»n  Stress  Rupture  Data, 


i'i^ure  61.  Welded  Design  Stress  Rupture  Data. 
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MODEL  STRESS  -  pii  LOAD  -  to  ( 


Figure  62.  Brazed  Design  Stress  Rupture  Data. 


RADIUS  LOCATION  FROM  DISK  AXIS  (LI  m. 


Figure  63.  Pliotocleetic  Model  Test  Results. 
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uri'  ()'«.  i’liotoclastLc  Model  of  Final  Brazed  Design  Subjected 
to  Radial  l.oad  and  Simulated  Thermal  Growth. 
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Figure  66.  UnUxUl  Specimen  Braelng  Fixture 


Figure  67.  Task  V  Uniaxial  Teat  Speclncna. 
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Figure  69.  I’nlexlel  Stress  Kupturv  Failure  <Specinrn  ?k. 
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Figure  73.  Brazed  Design  Stress  Rupture  Data. 


TIME  hr 

Figure  74.  Task  V  Brazed  Design  Stress  Rupture  Life. 
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TANGENTIAL  STRESS  •  ksi 


Pyl2 


Pl/2 


Figure  76.  Brazed  Biaxial  Test  Specimen 


Tett  Zorn 


Figure  78.  Biaxial  Specimen  Center  Support  Plug. 
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Figure  79,  Biaxial  Specimen. 


Figure  80.  Single  Ram  Loading  Arrangement 
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FlKurL'  8?,  llrazt’d  Specimen  Support  Fixture. 
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F  i  ■■.in'L’  S(),  Assembly  of  Biaxial  Test  Specimens  I’rior  to 
Keiles  Ign . 
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(Top  View) 


Bowed 
Fingers 
Due  to 
Stress  Relief 


Support 

Wedges 


Support  Wedges 


Center  Support 


rigure  88.  Modified  Disk  Specimen. 


Figure  89. 


Biaxial  Specimen  Braze  Fixture. 
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Post-Heat  Treatment  Visual  Inspection 
Front  View  Rear  View 


SN  219 


Figure  90.  Biaxial  Specimen  Brazed  Attachment. 
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Figure  91.  Typical  Test  Specimen  Tliermal  Response  Dis¬ 
playing  Cood  Attacliment  Braze  Coverage. 


Figure  92.  Specimen  SN  216  Displaying  Small  Void  in  Braze. 
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Temperature  Readout 


B  -  Blue 
G  -  Green 
R  •  Red 


void  in  Braze  Coverage 


lire  93.  SpocLmcn  SN  219  Displaying  Large  Void  in  Braze 


Meter  Relay 


Load  Cell 
Digital  Readout 


’igiire  94.  Tr^st  Ec|uipment 
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Rear  View 


Front  View 


Front  View 


Rear  View 
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Front  View 
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Scale:  0.4X 

Figure  101.  Failure  of  Specimen  ("SN  213'i 

A  rucr 

2605  Cycles 

I  1 

1 ' 

fcai7a.M 

9 

L,  ■ 

not  reproducible 


Front  View 
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Rear  View 


t'igui-c'  10'3.  failure  of  Specimen  (SN  219')  Upon  Initial 
Loading. 


Front  View 


Scale;  1.3X 


Rear  View 


10'*.  Failure  of  Specimen  (SN  217)  After  319  Cycles. 
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NOT  REPRODUCIBLE 


Grain  Boundary 
Deposits - 1 


Braze 

Alloying 


Grain  Size 
(ASTM  0-1) 


Astroloy  Braze 
Interface 


Figure  105.  Photomicrograph  of  Braze  Joint  (Specimen  SN  218) 


IN  100  Fracture  Face 
Oxidized  and  Granular 


Astroloy  Fracture  Face  Oxidized  and  Smooth 
Typical  of  Small  Grain  Size  (ASTM  7  8) 


Figure  106.  Test  Specimen  (SN  215')  Fracture  Faces 
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Intergranular  Crack 


Alterati-on  of  Astroloy  Microstructure 


Radiographic  Examination 


I  Views  I 


Void 


Scale:  2.3X 


Figure  109.  Test  SpcciMen  CSX  Tir)!  Braze  '.old. 
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APPENDIX  I 

BLADE/DISK  ATTACHMENT  LITERATURE  SURVEY 


The  literature  on  blade/disk  attachment  methods  was  reviewed  to  provide 
background  for  the  preliminary  selection  of  attachment  designs  for  this 
program.  This  survey  included  experience  witliin  United  Aircraft  Corpora¬ 
tion,  available  domestic  and  foreign  literature,  patent  search,  and  a  manu¬ 
facturing  vendor  survey.  Particular  emphasis  was  directed  toward  procuring 
information  applicable  to  the  small,  high-temperature  turbines  defined  for 
U.  S.  Army  Contract  DAAJ02-68-C-0071. 

Studies  of  small,  high  temperature  gas  turbine  engines  indicate  that  rotor 
speeds  are  limited  by  blade/disk  attachment  stress.  Therefore,  to  increase 
substantially  the  performance  of  small  gas  turbine  engines,  attachment 
methods  must  be  improved  significantly.  To  obtain  further  insight  into 
this  problem,  a  survey  of  all  available  literature  concerned  with  root 
attachments  was  conducted.  The  reports  received  were  screened  for  tech¬ 
niques  that  would  be  applicable  to  this  program.  Literature  sources  em¬ 
ployed  in  this  survey  were  previously  presented  in  Table  II. 

The  following  paragraphs  summarize  the  information  obtained  in  this  survey. 

1.  Fir-Tree  Attachment 

Most  existing  gas  turbine  engines  use  some  form  of  fir-tree  root  design  to 
attach  the  turbine  blades  to  the  disk  rim.  However,  the  shape,  size,  and 
number  of  teeth  of  the  various  joint  designs  vary  greatly,  indicating  wide 
differences  of  opinion  on  the  best  fir-tree  tooth  design  for  a  given  appli¬ 
cation. 

OQ 

Meyer,  Kaufman,  and  Caywood  made  a  preliminary  Investigation  of  mech¬ 
anical  attachments  made  from  ductile  materials.  In  their  study  of  the  four 
more  important  basic  configurations  (shown  in  Figure  110) ,  the  authorr< 
found  that  the  fir-tree  design  was  far  superior  to  any  other  root  design 
tested;  the  fir-tree  had  the  highest  percentage  of  area  available  to 
support  tensile  loads  without  a  loss  in  shear  area  because  of  its  multi- 
tooth  construction.  Typical  percentages  of  available  tensile  and  shear 
area  for  each  configuration  are  presented  in  Figure  110,  along  with  the 
method  of  calculation.  Because  the  fir-tree  root  design  was  found  to  be 
tlie  strongest  attacliment  scheme  for  ductile  materials,  the  authors  con¬ 
ducted  an  extensive  investigation  of  the  variations  in  the  fir-tree  con¬ 
figuration.  In  an  effort  to  establish  design  criteria,  the  analysis  in¬ 
cluded  three  specific  fir-tree  root  designs:  one  with  six  pairs  of  small 
teeth,  one  with  six  pairs  of  large  teeth,  and  one  with  only  three  pairs 
of  large  teeth.  These  three  designs  are  Illustrated  in  Figure  111,  The 
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authors  concluded  from  their  tests  that  the  strengths  of  these  three  fir- 
tree  root  joints  depended  only  on  the  total  tensile  and  shear  area  avail¬ 
able  to  support  the  centrifugal  and  gas  bending  loads  and  that  strength  was 
not  directly  affected  by  the  number  or  size  of  the  teeth  providing  these 
areas.  As  strength  is  not  sacrificed,  use  of  a  root  joint  with  the  fewest 
number  of  large  teeth  is  desirable  to  reduce  the  manufacturing  costs  asso¬ 
ciated  with  machining  fir-tree  teeth  to  close  tolerances.  However,  a  com¬ 
promise  in  fillet  radius  (see  Figure  112)  is  necessary  to  maintain  a  strong 
joint  because  increased  fillet  radii  tend  to  decrease  the  available  areas 
supporting  the  shear  load. 

The  effect  of  fillet  radius  size  on  the  strength  of  fir-tree  joints  was 
studied  by  Hovns  and  Repkol^  by  running  elevated-temperature,  time- 
dependent  spin  tests  on  turbine  rotors.  The  authors  correlated  the  results 
of  the  spin  tests  with  the  mechanical  properties  of  materials  derived  from 
laboratory  stress  rupture  tests.  They  concluded  that  the  smooth  bar  stress 
rupture  test  was  Inadequate  as  a  measure  of  material  strength  for  fir-tree 
root  joints  and  indicated  that  the  notched  bar  strength  was  a  suitable 
measure  of  fir-tree  strength  when  the  notch  radius  was  representative  of 
the  fillet  radius  of  the  joint. 

Recent  analytical  studies  have  indicated  that,  to  achieve  maximum  strength 
from  a  fir-tree  joint,  it  is  necessary  to  consider  the  distribution  of 
forces  within  the  joint.  Leikin2^  discovered  that  local  stress  concen¬ 
trations  in  the  spaces  between  the  joint  teeth  could  be  reduced  by 
increasing  the  fillet  radii  and  providing  inclined  working  surfaces  on  the 
teeth.  In  addition,  to  reduce  the  general  nonuniformity  of  stress  dis¬ 
tribution  in  the  root  joints  resulting  from  airfoil  camber,  Leikin  indi¬ 
cates  that  the  airfoil  should  be  situated  as  far  as  possible  from  the  first 
section  of  the  joint  as  illustrated  by  the  distance  "d"  in  Figure  112. 

This  allows  the  load  to  become  more  uniform  before  being  transmitted  to  the 
teeth  because  the  teeth  are  further  from  the  plane  of  load  application. 
Leikin  indicates  that  another  method  of  increasing  stress  uniformity  is  to 
rotate  the  joint  relative  to  the  airfoil  so  that  the  chord  of  the  airfoil 
at  the  root  section  is  parallel  to  the  longitudinal  plane  of  symmetry  of 
the  joint.  This  condition  will  exist  if  >  =  0  deg  in  Figure  112  and  has 
the  effect  of  redistributing  the  mass  of  the  airfoil  more  evenly  over  the 
root  joint.  For  the  same  purpose,  it  is  also  advantageous  to  make  the 
centers  of  gravity  of  the  airfoil  and  root  joint  coincide.  The  first  teeth 
of  a  fir-tree  joint  usually  support  a  higher  load  than  the  remaining  teeth 
in  the  joint.  The  first  teeth  run  at  higher  temperatures,  and  the  great¬ 
er  thermal  expansion  in  this  area  tends  to  unload  the  remaining  fir-tree 
teeth.  In  an  earlier  investigation  by  Leikin23,  this  effect  was  found 
to  exist.  A  reductio  .  in  load  on  the  first  teeth  was  accomplislied  by 
increasing  the  tooth  clearance  in  this  area;  however,  this  more  uniform 
load  distribution  increased  the  bending  moment  on  the  disk  rim.  It  was 
also  learned  that  as  the  ratio  of  the  radial  depth  of  the  joint  to  the 
mean  thickness  of  the  blade  root  in  the  circumferential  direction  de¬ 
creases,  the  loads  supported  by  the  teeth  and  the  bending  moments  along 
the  blade  root  are  distributed  more  uniformly.  This  again  had  the  effect 
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of  sliglitly  raising’  the  relative  value  of  the.  bending  moment  on  the  disk 
rim.  The  additional  bending  moment  may  be  offset  by  a  material  selection 
that  increases  the  ratio  of  the  modulus  of  elasticity  of  the  blade  root 
material  to  that  of  the  disk  material.  This  augments  the  relative  flexi¬ 
bility  of  the  teeth  on  the  disk,  resulting  in  a  reduction  of  the  bending 
moment  on  the  disk  rim;  it  also  provides  for  a  more  even  distribution  of 
both  tlie  loads  sustained  by  the  teeth  and  the  bending  moment  along  the 
blade  root.  Leikin  also  discovered  in  this  study  that  an  Increase  in  the 
wedge  angle  of  the  blade  root  from  30  to  50  deg  tends  to  equalize  the 
distribution  of  the  applied  load  on  the  teeth.  However,  this  amplified  the 
nonuniformity  of  the  bending  moment  distribution  along  the  blade  root  and 
disk  rim. 

Mustafin^O  reports  that  one  method  of  attaining  a  reasonably  equal  load 
distribution  among  all  the  joint  teeth  is  to  adjust  the  clearances  between 
the  disk  and  the  blade  root  teeth.  This  is  done  in  such  a  manner  that  they 
diminish  from  a  maximum  clearance  for  the  pair  of  teeth  which  is  subject  to 
the  maximum  load  to  zero  clearance  for  the  pair  which  is  subject  to  the 
lightest  load.  Therefore,  to  obtain  an  equal  load  throughout  all  the  teeth, 
it  is  necessary  that  during  assembly  (when  the  joint  is  not  subject  to 
load),  only  the  pair  of  teeth  situated  in  the  section  subject  to  the  small¬ 
est  load  should  be  in  contact. 

In  another  investigation,  Mustafin^l  indicates  that  several  theoretical 
approaches  to  the  design  of  turbine  fir-tree  joints  include  a  flexural 
analysis  based  on  the  assumption  that  the  root  teeth  are  cantilevered,  of 
variable  section,  and  rigidly  joined  to  the  root  of  the  blade.  Such  an 
analysis  ignores  the  effects  of  the  flexibility  of  the  joint  teeth,  which 
can  increase  the  radial  displacement  of  the  root  by  a  factor  of  2.2  -  2.5. 

As  a  result  of  additional  experimental  investigation,  Mustafin  reports  that 
the  blade  root  thickness  has  no  effect  upon  tooth  deflection,  which  is  com¬ 
pletely  elastic  until  the  mean  shear  stress  in  the  section  immediately 
under  the  load  reaches  approximately  60%  of  the  material  yield  stress. 

Fir-tree  root  joint  failures  in  operating  gas  turbines  are  frequently  the 
result  of  high  cycle  fatigue.  It  is  of  extreme  importance  therefore  to 
consider  design  measures  for  increasing  the  strength  of  such  joints  under 
vibratory  loading.  These  measures  consist  essentially  of:  (1)  reducing 
the  maximum  local  stresses  in  the  spaces  between  the  teeth,  (2)  improving 
the  distribution  of  the  steady  stresses  and  reaction  forces,  and  (3) 
reducing  the  level  of  vibratory  stresses  in  the  joint.  Meyer,  Kaufman, 
and  Caywood29  learned  that  large  teeth  and  large  fillets  have  high  cycle 
fatigue  advantages.  The  large  fillets  reduce  the  stress  concentrations  in 
the  spaces  between  the  teeth,  decreasing  steady-state  stress  levels  and 
permitting  higher  vibratory  stress  levels.  Also,  the  large  teeth  do  not 
require  the  strict  machining  tolerances  necessary  for  uniform  load  dis¬ 
tribution  on  small  teeth.  This  results  in  a  loose  joint  providing  in¬ 
creased  capability  for  vibration  damping. 
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Leikin^^  reports  that  since  the  first  teeth  of  fir-tree  root  joints  are 
subjected  to  high  steady  and  vibratory  loads,  it  is  necessary  to  reduce  the 
steady  load  applied  to  the  first  teeth  so  that  the  peak  stress  (steady  plus 
vibratory)  does  not  exceed  the  material  limits.  Leikin  suggests  two  basic 
methods  for  attaining  this  condition.  The  first  is  to  choose  the  blade  and 
disk  materials  so  that  the  coefficient  of  thermal  expansion  of  the  disk  is 
greater  than  that  of  the  blade  root.  Assuming  that  all  teeth  on  the  blade 
root  are  in  uniform  contact  with  the  teeth  on  the  disk  during  assembly,  this 
ensures  that  the  distance  between  the  first  and  last  tooth  (see  Figure  113) 
on  the  disk  will  be  greater  than  the  distance  between  corresponding  teeth 
on  the  blade  root  at  operating  temperature.  This  has  the  effect  of  pro¬ 
viding  a  clearance  between  all  the  teeth  of  the  joint  except  the  teeth 
subjected  to  the  smallest  load  (those  nearest  the  center  of  the  disk) .  The 
maximum  clearance  is  between  the  first  teeth,  thus  relieving  the  steady  load 
on  the  first  teeth.  The  other  method  is  to  make  the  pitch  of  the  teeth  on 
the  disk  greater  than  that  of  the  teeth  on  the  blade  root.  This  has  the 
same  effect  of  providing  the  most  clearance  between  the  first  teeth  and 
reducing  the  load  on  the  first  teeth.  For  extreme  operating  conditions, 
both  methods  could  be  applied  simultaneously.  Leikin  indicates  in  the  same 
report  that  the  damping  of  vibrations  in  a  fir-tree  joint  is  substantially 
increased  by  a  reduction  in  the  steady  tensile  load  on  the  first  teeth  of 
the  joint  and  redistributing  this  load  proportionately  among  the  remaining 
teeth.  By  proper  adjustment  of  the  load,  it  is  possible  to  approximately 
double  the  work  done  by  damping,  and  the  amplitude  of  the  vibratory  load 
may  be  reduced  by  20%.  In  short  blades,  where  the  ratio  of  the  airfoil 
span  height  to  the  chord  of  the  airfoil  at  the  root  section  does  not  exceed 
2.7,  the  general  damping  capacity  of  the  blade  may  be  more  than  trebled, 
reducing  the  level  of  vibratory  load  by  approximately  35%. 

In  a  study  performed  by  Eliseev  and  Krinskii^,  fatigue  failures  occurring 
at  the  first  recess  in  the  fir-tree  joint  were  eliminated  by:  (1)  reducing 
the  stress  concentration  at  the  first  recess  by  increasing  the  fillet 
radius  (shown  in  Figure  112)  and  consequently  increasing  the  moment  of 
inertia  of  the  section,  (2)  extending  the  root  in  the  axial  direction  to 
further  Increase  the  moment  of  inertia,  and  (3)  modifying  the  blade  locking 
inserts  so  as  to  bear  upon  the  blade  roots  rather  than  on  the  disk  in  order 
to  damp  out  blade  oscillations. 

2.  Dovetail  Attachment 

This  type  attachment,  shotm  in  Figure  114,  is  a  relatively  simple  mechani¬ 
cal  attachment  that  can  be  easily  fabricated,  incorporates  large  radii,  and 
involves  no  pins  or  auxiliary  attachments  other  than  a  locking  device  to 
retain  the  blade  in  the  disk.  Dovetail  attachments  have  been  primarily 
used  in  compressor  applications  where  joint  efficiency  is  not  a  critical 
problem.  The  stress  concentration  factor  (the  ratio  of  the  true  maximum 
stress  to  the  nominal  stress  calculated  by  ordinary  formulas  of  mechanics) 
is  low  for  dovetail  attachments;  however,  the  limited  amount  of  shear  area 
available  to  support  the  blade  results  in  a  relatively  inefficient  joint. 
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Hoppel7  i-eported  that  the  dovetail  root  design  is  especially  suited  for 
brittle  materials  because  of  its  low  stress  concentration  factor  and  the 
large  radii  tliat  can  be  achieved,  Hoppe  developed  a  modification  to  the 
dovetail  design  which  was  found  to  increase  the  strength  of  the  joint  by 
28  .  The  modification  entailed  rotating  the  blade  root  about  the  centroi- 
da I  axis  of  the  airfoil  and  providing  flat  loading  surfaces  to  support  the 
applied  load.  Hoppe  indicated  that  the  optimum  amount  of  root  rotation 
depended  on  the  camber  of  the  airfoil.  As  shown  in  Figure  114,  the  rotated 
root  design  aligns  the  airfoil  over  the  longitudinal  centerline  of  the 
dovetail.  Hoppe  states  that  the  selection  of  flat  loading  surfaces  is 
based  on  consideration  of  the  method  of  fabrication  of  the  root.  The 
bearing  stress  on  the  surfaces  is  a  function  of  the  total  area  in  contact 
and  also  depends  upon  the  absence  of  local  imperfections  which  cause  stress 
concentrations.  The  former  may  be  calculated,  but  the  latter  is  determined 
primarily  by  tlie  accuracy  with  which  the  loading  surfaces  are  fabricated. 

In  production,  the  blade  root  contour  would  probably  be  machined  by 
grinding,  and  the  corresponding  disk  slot  would  be  broached.  Hoppe  indi¬ 
cates  that  tlie  accuracy  of  each  of  these  fabricating  techniques  should  be 
better  for  flat  surfaces  rather  than  curved.  It  is  Hoppe’s  opinion  there¬ 
fore  that  the  incorporation  of  flat  loading  surfaces  in  conjunction  with 
rotating  the  root  should  achieve  maximum  strength  from  the  dovetail  design. 
It  is  apparent  that  maximum  joint  strength  will  be  attained  when  the  area 
of  the  attacliment  is  proportioned  so  that  the  blade  root  and  the  disk  rim 
are  of  equal  strength.  The  optimum  ratio  of  the  blade  root  area  to  the 
disk  rim  area  varies  with  operating  temperature,  tlme-to-failure,  and 
material  selection. 

3.  Integrally  Cast  Attachment 

Ono-piece  rotors  (integral  blades  and  disk)  offer  cost  advantages  and 
positive  cooling  air  sealing  if  other  design  requirements  can  be  achieved, 
Boyle^  found  that  tliis  approacli  permitted  dramatic  cost  savings  over 
conventional  designs  witli  individual  blades  and  a  separate  disk  because 
it  eliminated  costly  grinding  and  broaching  operations  on  the  blade  roots 
and  disk  slots.  In  spite  of  the  cost  advantages,  most  turbine  wheels  for 
small  engines  are  still  being  made  with  individual  blades.  One  reason  is 
that  while  the  cast  high-temperature  alloys  provide  excellent  properties 
for  the  blades,  these  same  alloys  are  less  than  ideal  as  disk  materials 
because  of  reduced  ductility  at  disk  operating  temperatures.  This  is  a 
difficult  problem,  since  the  trend  in  turbine  blade  materials  is  toward 
refractory  alloys  with  inherently  poor  ductility.  In  addition,  the 
intricate  cooling  passages  required  for  some  advanced,  high-temperature 
service  airfoils  present  a  difficult  coring  problem  in  integral  castings. 
Another  objection  to  the  one-piece  construction  is  that  casting  damage  or 
casting  defects  can  result  in  loss  of  a  sizeable  investment  through  rejec¬ 
tion  of  the  complete  rotor  assembly.  Karen  and  Trevaskis^®  indicated 
that  reevaluation  of  allowable  casting  imperfections  must  be  studied  by 
tlie  engine  manufacturer  to  offset  this  risk. 
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One  solution  to  obtaining  optimized  blade  and  disk  materials  in  integral 
assemblies  is  to  make  the  turbine  wheel  by  a  bimetal  casting  process. 
Bimetal  casting  as  reported  by  Piwonka^^  is  the  casting  of  a  metal 
directly  to  a  part  already  in  a  solid  state  to  produce  an  integral  product. 
The  second  metal  may  be  identical  or  dissimilar  to  the  first,  and  the  bonds 
may  be  of  two  types;  mechanical  or  metallurgical.  A  mechanical  bond  is  a 
mere  anchoring  of  the  two  members  by  a  wedging  effect  or  the  like.  A 
metallurgical  bond  is  a  fusion  bond,  where  tlie  second  melted  casting  has 
been  joined  to  the  first,  forming  a  completely  solidified  zone.  A  combina¬ 
tion  of  these  two  bonds  may  also  be  obtained,  whicli  permits  an  attachment 
design  combining  an  Integral  joint  with  mechanical  features  (such  as  a 
fir-tree) . 

4 .  Welded  Attachment 


This  attachment  method  was  found  by  Curtiss-Wright^  to  incorporate 
weight  savings  and  potential  production  oriented  features.  Other  advan¬ 
tages  are  high  joint  efficiency,  no  leakage  of  cooling  air,  and  separate 
blade  and  disk  manufacture.  One  major  disadvantage  of  this  attachment 
design  has  been  the  inability  of  acliieving  good  weld  joints  and  develop¬ 
ing  a  positive,  nondestructive  method  of  Inapectlng  the  welds.  Problems 
of  this  nature  were  encountered  by  Curtiss-Wright .  A  split-disk  approach 
could  also  be  used  with  welded  designs.  Welding  two  disk  halves  together 
would  eliminate  the  use  of  bolts  and  thus  reduce  the  large  cross-sectional 
disk  area  required  to  maintain  acceptable  stress  levels  around  the  bolt 
holes.  However,  the  solid  welded  attachment  does  not  have  the  damping 
characteristics  of  the  mechanical  attachment  designs  and  must  withstand 
higher  vibratory  stresses.  In  addition,  a  high  conductivity  heat  path 
exists  as  a  result  of  the  solid  joint  and  requires  additional  attention  to 
disk  cooling.  Karen  and  Travaskis^*^  studied  a  composite  turbine  rotor 
composed  of  a  separate  outer  ring  containing  turbine  blades  which  was 
welded  to  a  center  disk.  Karen  and  Travaskis  found  three  advantages  to 
this  design:  (1)  the  use  of  a  lower  cost  material  in  the  disk,  (2)  less 
metal  in  each  pour  resulting  in  lower  casting  costs,  and  (3)  elimination 
of  loss  in  structural  integrity  due  to  porosity  in  the  disk. 

5.  Split-Disk  Attachment 

This  design  was  studied  in  order  to  develop  turbine  rotor  hardware  capable 
of  individual  blade  replacement,  ease  of  providing  cooling  air  to  each 
blade,  and  efficient  cooling  air  sealing.  Curtiss-Wright ' layout 
studies  indicate  that  a  hollow  front  disk  half  and  a  solid  rear  disk  half 
with  a  circumferential  fir-tree  attachment  potentially  provided  the  desired 
features.  Preliminary  thermal  analyses  indicated  excellent  temperature, 
stress,  and  deformation  compatibility  between  each  disk  half.  However, 
subsequent  stress  analyses  Indicated  that  separating  moments  on  the  disk 
halves  were  being  generated  by  centrifugal  force.  The  modification  re¬ 
quired  to  eliminate  these  separating  moments  moved  the  hub  sections  of 
the  disk  halves  apart  axially,  more  nearly  radially  under  the  fir-tree 
portions  of  the  disks.  The  adverse  effect  of  this  modification  was  to 
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l()w*-r  thf  critical  speed  of  the  system  into  the  operating  range  of  the 
env;lae.  This  necessitated  an  additional  redesign  of  the  support  system  to 
allow  the  first  critical  speed  to  occur  below  the  normal  operating  range 
and  the  second  critical  speed  above  the  operating  range.  This  attachment 
desl>;n,  which  attained  tlie  desirable  feature  of  interchangeability  of  rotor 
blailes.  had  the  attendant  disadvantages  of  high  weight  and  close  tolerance 
requl runents  of  tlie  fir-tree  joint  to  assure  proper  tooth  loading.  The 
-lain  difficulty  .associated  with  this  sciieme  was  the  design  of  the  disk 
li. lives  to  n.ilnt.iin  thermal  and  mechanical  strain  compatibility. 

'.s'est  and  Kyan^'*  studied  the  use  of  a  tapered  root  tank  in  conjunction 
witii  the  .spill  disk  attachment  design.  They  discovered  that  the  bending 
noment  on  tlie  disk  sides  due  to  the  centrifugal  load  is  proportional  to 
tlie  .ixi.il  distance  from  tlie  point  of  application  of  load  to  the  disk  clo- 
nent  being  studied.  Tills  distance  Is  shown  as  the  "effective  arm"  in 
Figure  113,  This  effective  arm  was  reduced  to  a  minimum  in  Che  authors' 
design  through  the  use  of  a  tapered  root  tang.  ICest  and  Ryan  also  found 
that  the  use  of  I. -section  rings  In  conjunction  with  the  split-disk  design 
i rans for.iied  the  bending  loads  in  the  disk  halves  into  compressive  loads 
and  allowed  the  root  to  supi^ort  a  higher  load  titan  a  conventional  con¬ 
figuration. 

h.  Pinned  Attacliment 


Pin  type  attachments  are  attractive  because  they  are  easy  to  rubricate, 
permit  individual  blade  replacement*  and  are  relatively  economical.  Pinned 
attachments  li.ive  much  lower  rim  loading  efficiency  than  fir-tree  designs* 
however*  since  only  a  small  percentage  of  the  disk  rim  circumference  can  be 
lu.ided.  Pinned  attachments  will  be  discussed  in  the  following  three  design 
(Mtegorlus:  (1)  pins-in-sectlonal  sheer*  (2)  pine-ln-compreeeion*  and 
(3)  pinH-in-longitudlnal  shear.  Schematics  of  these  basic  designs  are  shown 
in  Figure  lib. 

a.  Pin.s-in-Secc lonal  Shear 

Investlg.atlon  of  tills  design  by  Hoppe^^  disclosed  that  the  major  pro¬ 
blem  l.s  to  provide  sufficient  shear  area  in  the  pins.  To  use  this  type 
.itlaclinent*  the  pin  area  must  be  kept  reasonably  small.  Round  pins  arc 
desir.ihle  tu  permit  fabrication  of  the  pin  retaining  lioles  in  the  witeel 
rim  by  drilling  and  reaming  rather  then  by  broaching.  However*  round  pins 
of  sufficient  shear  area  reduce  the  blade  base  neck  width  and  thus  raise 
the  .stress  level  above  a  practical  value.  A  ’ower  stress  level  can  be 
obtained  by  using  noncircular  pins. 

S-ilnks*^  reported  that  a  pinned  blade  atcachment  was  used  In  the  Austin 
turbine  motorcar  engine.  ITic  root  of  each  blade  was  in  the  form  of 
a  tang  that  was  drilled  in  the  axial  direction  to  take  the  pin.  The 
t  mg  fitted  Into  a  clrcumferent ial  groove  machined  in  the  rim  of  the  disk. 
Tlie  pins  were  .1  push  fit  and  entered  from  the  forward  side  of  the  disk. 

Illnle  repi  icenent  coiilil  be  accomplished  without  d.im.aging  tlie  blades  or 
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disk  by  removing  the  pins.  Witl>  all  the  blades  fully  assembled,  a  slight 
circumferential  slippage  was  permitted  in  an  attempt  to  provide  a  measure 
of  vibration  damping. 

b.  Pins- in-Compresslon 

lloppc^^  reports  that  this  type  attachment  allows  tlie  blade  base  and  the 
rotor  segment  to  Interlock  wltli  cadi  other  sucli  that  tlie  pin  size  docs  not 
limit  tlie  blade  neck  width.  Because  tlie  pin  is  in  compression  it  can  be 
made  of  relatively  soft  material  and  does  not  require  an  additional  ductile 
material  insert  to  distributti  the  bearing  loads.  I'sinj’  small  round  pins, 
which  do  not  limit  the  tensile  area  of  the  attachment,  the  maximum  allow¬ 
able  load  Is  considerably  reduced;  however,  noncircular  pins  permit  higher 
loading.  This  is  caused  by  the  additional  shear  area  afforded  by  the  non¬ 
circular  pins. 

c.  Pins-ln-Longitudinal  Shear 

Round  pin  type  attachments  are  attractive  because  they  are  easy  to  fabricate 
and  assemble  in  mass  production,  and  because  the  attaching  pins  may  be  made 
of  a  ductile  material  to  distribute  the  bearing  loads  evenly  across  the 
lands  of  the  blade  base.  However,  in  conditions  where  the  attachment  is 
highly  stressed,  a  high  strength  pin  material  must  be  selected  to  withstand 
large  shear  loads  and  will  require  ductile  inserts  for  load  distribution, 
lloppe^^  concluded  that  the  basic  weakness  of  this  type  of  attachment  was 
that  insufficient  space  existed  to  provide  adequate  blade  and  disk  lugs  as 
well  as  satisfactory  attaching  pins.  Increasing  the  attachment  space  by 
utilizing  less  than  the  optimum  number  of  blades  per  disk  reduces  the 
structural  limitations  of  the  attachment;  however,  associated  with  this 
compromise  is  a  reduction  in  turbine  aerodynamic  pcrfornuincc . 

7.  Brazed  Attachment 

The  brazed  attachment  offers  a  compromise  between  the  mechanical  and  inte¬ 
gral  attachment  designs.  Its  major  advantages  are:  (1)  positive  sealing 
of  blade  cooling  air,  and  (2)  separate  blade  and  disk  manufacture.  How¬ 
ever,  a  major  disadvantage  of  this  scheme  is  inadequate  Joint  inspection 
techniques.  The  possibility  of  insufficient  braze  coverage  requires  that 
some  form  of  dependable  nondestructive  inspection  technique  be  developed. 
Also,  this  type  attachment  does  not  liave  the  inlierent  damping  characteris¬ 
tics  of  the  mechanical  attachments  because  the  blades  are  rigidly  attached 
to  the  disk.  In  addition,  a  highly  conductive  heat  path  exists  between 
the  blade  and  the  disk  due  to  the  solid  construction  of  tlie  joint.  This 
results  in  higher  transient  and  steady-state  temperatures  in  the  attach¬ 
ment  and  may  create  low  cycle  fatigue  problems  if  the  blade  and  disk 
materials  arc  extremely  dissimilar.  Much  of  the  difficulty  associated  with 
high  temperature  brazing  is  related  to  the  characteristics  of  the  base 
metals.  The  very  elements  that  Impart  strength,  oxidation  resistance,  and 
corrosion  resistance  to  these  metals  at  elevated  temperatures  are  the 
elements  that  often  impair  the  brazing  properties  of  the  filler  metals. 
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I’attee  and  Evans^^  report  that  brazing  alloys  are  selected  on  the  basis 
of  their  wetting  properties,  their  resistance  to  oxidation  and  corrosion, 
and  their  compatibility  with  the  base  metals.  The  difficulty  incurred  in 
brazing  high  strength  alloys  for  use  in  gas  turbines  is  that  braze  alloys 
usually  contain  small  percentages  of  aluminum  and/or  titanium.  These  ele¬ 
ments  have  a  strong  affinity  for  oxygen  and  form  refractory  oxides  which 
reduce  strength  and  are  very  difficult  to  remove.  Other  major  problems 
are:  (1)  embrittlement  of  the  base  metal,  and  (2)  severe  reduction  in 

the  tensile  strength  and  stress-rupture  life  of  the  base  metal,  conse¬ 
quently  requiring  additional  heat  treatment  of  the  joint. 
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Blade 


Tension,  a/b 
Shear,  c/d 


33% 

38% 


Ball  Root 


52% 


ni.ir  Tension,  e/f  35% 
Shear,  g/d  43% 


37% 

47% 


Wedge  Root 


Blade 


Tension,  a/b 
Shear,  c/d 


37% 

59% 


Disk  Tension,  e/f  33% 
Shear,  g/d  78% 


Fir-Tree  Root 


49%  (c,  -f  C2  +  .  .  .  C6)/d 

64% 

49%  (gi  +  g2  .  .  .  gg)/d 


a  •  Blade  Root  Tensile  Area 
b  -  Total  Tensile  Area  at  Platform 
c  •  Blade  Root  Shear  Area 
d  -  Total  Shear  Area 
e  -  Disk  Segment  Tensile  Area 
f  -  Total  Tensile  Area  at  Root 
g  -  Disk  Segment  Shear  Area 


Figure  110. 


Basic  Root  Attachment  Contigurations . 
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Fir-Tree  Attachment 
at  Assembly 


Fir-Tree  Attachment 
at  Operating  Temperature 


Figure  113.  Fir-Tree  Root  Attachment. 


Figure  114.  Dovetail  Attachment. 
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FlRure  115.  Split-Disk  Tapered  Root  Tang  Attachment. 


•.  Pin-in-SsctioiM(  Slwar 


Figure  116.  Pinned  Attachment 


APPENDIX  II 
BIMETAL  CASTING 


An  evaluation  of  this  new  fabrication  technique  was  undertaken  with  the 
knowledge  that  It  could  not  be  Incorporated  into  this  program  as  a  blade/ 
disk  attachment  design  because  the  time  required  to  obtain  fundaneotal 
strength  data  was  not  compatible  with  the  program  schedule.  However,  due 
to  the  potential  advantages  of  this  concept  in  the  field  of  snail  turbine 
development,  preliminary  Joint  strength  data  for  the  bicasting  process  was 
obtained  under  a  separately  funded  program. 

Simple  pull  specimens  as  shown  In  Figure  117  were  fabricated:  seven  butt 
joints  to  evaluate  tensile  strength,  and  seven  tang  Joints  to  evaluate 
shear  strength. 

The  specimens  were  cast  of  PUA  658  (IN  100)  using  a  two-pour  technique. 
Following  the  Initial  pour,  a  mold  was  formed  that  held  the  first  part  and 
contained  gating  near  the  mating  surface  so  that  the  second  pour  metal 
flowed  past  the  mating  surface,  promoting  surface  melting  and  oxide  removal 
at  the  Junction. 

A  Joint  line  could  not  be  detected  by  either  visual  or  radiographic  exami¬ 
nation,  and  a  complete  metallurgical  bond  appeared  to  exist  In  all  specimens 
(see  Figure  118).  The  radiographic  Inspection  of  the  eight  specimens  in 
the  section  poured  last  Indicated  severe  shrinkage*  at  a  location  away  from 
the  Joint.  It  was  the  opinion  of  the  casting  vendor  that  the  shrinkage 
could  be  eliminated  by  optimising  the  mold  temperature  and  the  cooling  rate. 

The  butt-joint  specimens  were  machined  Into  typical  tensile  and  creep  rup¬ 
ture  specimens  having  cylindrical  gage  sections  and  threaded  shanks.  The 
tang  Joint  specimens  were  machined  with  a  flat  gage  section  to*  test  the 
combined  tensile  and  shear  strength. 

Tensile  and  creep  rupture  tests  were  conducted  on  the  equipment  discussed 
In  Section  5.1.  Tensile  tests  were  conducted  at  room  temperature  with  a 
cross-head  speed  of  0.05  In. /min;  creep  rupture  tests  were  conducted  at 
1400*’F.  Test  data  are  presented  In  Table  XXV.  The  eight  specimens  with 
severe  casting  shrinkage  failed  In  the  shrinkage  region  and  did  not  develop 
the  IN  100  specification  strength.  All  specimens  that  failed  within  the 
blcast  Joint  met  the  material  strength  specifications  for  IN  100.  No  distin¬ 
guishing  strength  characteristics  were  noted  between  the  butt  or  tang  type 
joints  since  the  bond  appeared  to  have  parent  material  strength. 

These  Initial  results  Indicate  that  the  bicast  fabrication  technique  Is  a 
potentially  feasible  method  of  blade/disk  attachment  that  should  be  consid¬ 
ered  for  further  development. 


^^Shrinkage  refers  to  the  metallurgical  contraction  during  solidification  that 
results  In  large  quantities  of  microscopic  voids  that  adversely  affect 
material  strength. 
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TABLE  XXV.  BiaXST  SPECIMEN  TEST  DATA 


Material : 

PWA  658 

A.  Creep 

Specifi¬ 

cation 

No, 

Rupture  ^ 

Joint 

Type 

1400‘’F 

Stress 

(ksi) 

Life 

(hr) 

Elonga¬ 

tion 

(%) 

Satisfied 

Material 

Specifica¬ 

tions 

1 

Tang 

85.0 

3.1 

- 

No* 

2 

Tang 

85.0 

0.1 

- 

No* 

3 

Butt 

85.0 

12.0 

1.2 

No* 

4 

Butt 

70.0 

18.5 

0.7 

No* 

5 

Butt 

85.0 

29.3 

2.1 

Yes 

6 

Butt 

70.0 

500.** 

- 

Yes 

7 

Tang 

85.0 

231.0 

7.8 

Yes 

8 

Tang 

85.0 

80.7 

5.4 

Yes 

9 

Tang 

85.0 

10.7 

3.4 

No* 

10 

Tang 

85.0 

94.5 

6.1 

Yes 

11 

Tang 

85.0 

210.2 

8.9 

Yes 

Specif i- 
cat ion 

No . 

Joint 

Type 

Test 

Tempera¬ 

ture 

(“F) 

Ultimate 

(ksi) 

Yield 

(ksi) 

Elonga¬ 

tion 

(%) 

Satisfied 

Material 

Specifica¬ 

tions 

1 

Tang 

1400 

104.9 

- 

2.0 

No* 

2 

Butt 

1400 

89.8 

- 

- 

No* 

3 

Butt 

1400 

121.0 

112.3 

4.0 

Yes* 

4 

Butt 

70 

115.8 

102.2 

10.0 

Yes* 

5 

Butt 

70 

112.8 

106.8 

5.0 

No* 

6 

Tang 

1400 

141.5 

103.8 

7.0 

Yes 

7 

Tang 

1400 

123.5 

95.0 

4.0 

Yes 
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TABLE  XXV  -  Continued 


PWA 

658  Specifications 

1. 

Creep  Rupture 

(3  1400“  F 

Stress 

(ksi) 

Life 

(hr) 

Elongation 

(%) 

70.0 

300.0 

1.5 

85.0 

23.0 

1.5 

2. 

Tensile 

Temperature 

(°F) 

Ultimate 

(ksl) 

Yield 

(ksl) 

Elongation 

(%) 

70.0 

115.0 

95.0 

5.0 

1400.0 

112.0 

94.0 

2.0 

*Failure  occurred  outside  test  zone  within  area  of  high  shrinkage. 
**Dlscontlnued  test 
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Tang  Joint 


Figure  117.  Bicast  Test  Specimens 
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Bicast  Junction  Surface 


BIcast  Test  Bars  (Butt  Joii't) 


Bicast  Junction  Surface 


Bicast  Test  Bars  (Tang  Joint) 
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This  report  describes  an  investigation  of  blade/disk  attachment  methods  for  small 
gas  turbine  engines.  The  investigation  Included  analytical  and  experimental 
evaluations  ol  selected  ittachment  methods  potentially  suitable  for  a  2-lb/sec 
axial  flow  turbine  with  2500’F  turbine  inlet  temperature. 

A  literature  survey  of  attachments  for  small  axial  flow  turbines  yielded  six 
candidate  methods  for  further  analytical  study.  The  three  most  promising 
aj'proaches  were  evaluated  experimentally  to  determine  the  superior  attachment 
technique.  This  attachment  scheme  was  optimized  by  additional  uniaxial  experi¬ 
mental  testing  and  final  proof-testing  by  subjecting  biaxial  specimens  to  cyclic 
loads  at  the  attachment  design  temperature. 
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